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Prologue 
Nature does not always give models, such as numerous 
naturally occurring compounds, to synthetic chemis.ts._ We have to, 
sometimes, design and create molecules mainly by our 
imagination .... 

IX 
Abstract 
CoN6 amine systems have played important roles in chemistry since the early 
days of the coordination chemistry. And the prospect for synthetic development and 
interesting properties of such molecules continues to stimulate efforts to advance its 
chemistry. Exploration of some recent new advances in this area dominates this thesis in 
which the synthesis, chemical and physical properties and biological activities of several 
new molecules are described. 
In the first Section, Chapter One outlines the history of CoN6 amine systems and 
describes some interesting developments and prospects arising from these systems. 
Chapter Two describes the general experimental details including syntheses and 
procedures, but the syntheses relating to new strategies are given in the appropriate 
individual chapters. 
The second Section, contammg Chapters Three and Four, describes the 
syntheses, structures and properties of coordinated methanimines which are believed to 
be important intermediates in the syntheses of hexaamine cage complexes. It is found 
that the normally extremely unstable organic poly-methanimines are stabilised by 
coordination, and that the coordinated methanimine complexes are sufficiently stable to 
use as synthetic reagents. The single crystal X-ray analyses of three poly-methanimine 
complexes, [Co(CH2)3-sen]3+ and [Co((CH2h-en)3]3+ and [Co((CH2)3-tamehJ3+, 
show the structures of the methanimine moieties which would be very difficult to 
synthesize and maintain in the absence of the metal. These studies of coordinated 
methanimines open up new versatile ways to generate 3-dimensional polyamine 
assemblies not only more efficiently but also more selectively. The mechanisms for 
template encapsulation syntheses are also more clearly understood from the studies 
involving intermediate mono and poly-methanimine molecules and other isolated 
products. 
Chapters Five and Six in Section Three deal with cobalt Meg-tricosaneN6 
expanded cage systems. Both Co(II) and Co(Ill) complexes have been isolated and their 
properties studied. The Co(II) system displays an unique stability against oxidation by 
02 in both solution and solid states. X-ray analyses and NMR studies indicate that both 
conformational and asymmetric nitrogen configuration changes occur relatively easily for 
the Co(II) complexes. One isomer of the Co(III) cage is fairly stable even though it is 
shown to be an efficient oxidant. Different Co(Ill) isomers have been isolated in the 
x 
solid state. One form has an extraordinary blue colour and another is orange. The solid 
59Co MAS NMR spectrum shows a very large downfield chemical shift (ca 4000 ppm) 
from the orange to the blue form. The reflectance spectra imply a very weak ligand field 
at the cobalt site of the blue form. Another major factor is that the redox potential can be 
changed by at least 0. 7 V with the same metal ion couple and the same set of ligating 
atoms merely by influencing the steric factors in the cage. Paramagnetic cobalt (III) 
isomers have also been in evidence, but only investigated in preliininary ways in this 
work. 
The Me8-tricosaneN6 bicyclic cage free ligand is isolated by a relatively simple 
one-pot method. The synthesis of this sterically crowded extended cavity cage ligand 
also leads to possibilities for encapsulating and stabilizing larger metalions which do not 
fit readily in the smaller sar type ligand cavities. For example, the larger Cu(I) ion is 
tolerated in the octa methyl cage ligand, as demonstrated by the chemically reversible 
cyclic voltammetry of the [Cu(Meg-tricosaneN6)]2+11+ couple and the details are 
discussed in Chapter Seven. 
In the fourth Section, Chapter Eight describes the syntheses of polymeric cage 
complexes. The trimeric cage complex inherits many properties from the parental 
monomeric cages as well as showing electrostatic coupling between CoN6 moieties. It 
also demonstrates the potential for these molecules to be used as multiple electron transfer 
agents. The dimer cage [Co(CH3,CH2)sar-Co(NH,NH2)sar]6+ and trimer cage 
[Co(CH3,CH2)sar-Co(NH,NH)sar-Co(CH2,CH3)sar]9+ compounds are further invested 
by reaction with DNA, the results implying that they interact with DNA chiefly by 
electrostatic binding. They are also found to photochemically cleave DNA by a 
mechanism which involves LMCT and the formation of a ligand radical oxidant. 
Chapter Nine in Section Four presents syntheses and properties of highly charged 
surfactants. These molecules show typical detergent properties and also demonstrate 
biological activity as in vitro anthelmintic agents. 
Some of the results obtained in this thesis do not seem to have any precedent in 
MN 6 chemistry and are related to fundamental changes in the nature of the MN 6 
structure. Therefore they are not all well understood at this point. They all demonstrate, 
however, the versatility of MN6 systems and further work based on the studies in this 
thesis may help to advance important new insights into coordination chemistry. Some 
results, such as the coordinated methanimine compounds, are believed to be not only 
useful for inorganic synthesis but also for organic chemistry. 
General 
a 
[a] 
A 
anhyd 
Anal. 
APT 
AR 
atrn 
cc 
Calcd 
CD 
cm 
coned 
COSY 
CV 
0 
d 
DEPT 
DNA 
DQF-COSY 
LIBp 
E112 
E 
ESMS 
FAB 
Ff 
g 
h 
HETCOR 
HMBC 
HMQC 
Hz 
1 
IR 
J 
k 
L 
lei 
LMCT 
µ 
m 
M 
[Mh. 
MAS 
MHz 
min 
:tv1M 
Abbreviations 
observed optical rotation in degree 
= !!.__,specific rotation (deg mL/(g dm)) 
l · c 
Angstrom 
anhydrous 
analysis 
attached proton test 
analytic reagent 
atmosphere( s) 
degrees Celsius 
calculated 
circular dichroism 
centimetre( s) 
concentrated 
homonuclear (lH-lH) chemical shift-correlated spectroscopy 
cyclic voltammetry 
XI 
chemical shift in parts per million downfield from tetramethylsilane 
day(s); doublet (spectral) 
distortionless enhancement by polarization transfer 
deoxyribonucleic acid · 
double quantum filtered shift-correlated spectroscopy 
peak separation potential ( = Epa - Epc) 
reduction potential ( = (Epa + Epc)/2) 
molar absorption coefficient (M-lcm-1) 
electrospray mass spectrometry 
fast atom bombardment (in mass spectrometry) 
Fourier transform 
gram(s) 
hour(s) 
heteronuclear (lH_l3C) chemical shift-correlation spectroscopy 
1 H-detected multiple-bond heteronuclear multiple-quantum 
coherence 
1 H-detected heteronuclear multiple-quantum coherence 
Hertz 
peak current 
infrared 
coupling constant (in NMR); Joule 
kilo; rate constant 
liter(s) 
parallel 
ligand to metal charge transfer 
ionic strength; micro 
multiplet (spectral); meter(s); milli 
moles per liter 
= [a] x M. W., moleular rotation at wavelength, A. (degM-1m- 1) 
100 
magic angle spinning 
megahertz 
minute(s) 
molecular mechanics 
xii 
MS 
M.W. 
m!z 
NMR 
ob 
ORD 
ppm 
q 
RT 
s 
SCE 
SHE 
SNl 
SN2 
t 
Torr 
UV 
v 
Vis 
Chemical 
Ac 
azacapten 
Ar 
bpy 
D20 
DMF 
DMG 
DMSO 
EDTA 
en 
(CH2h-en 
Et 
Me 
NH3-capten+ 
N02-capten 
Ph 
sar 
sen 
(CH2)3-sen 
sep 
tame 
(CH2)3-tame 
tacn 
TBAT 
ten 
TMS 
tricosaneN 6 
Me5-tricosaneN6 
Mes-tricosaneN6 
triflate 
mass spectrometry 
molecular weight 
mass to charge ratio (in mass spectrometry) 
nuclear magnetic resonance 
oblique 
optical rotatory dispersion 
parts per million (in NMR) 
quartet (spectral) 
room temperature 
singlet (spectral); second(s) 
saturated calomel electrode 
standard hydrogen electrode 
unimolecular nucleophilic substitution 
bimolecular nucleophilic substitution 
triplet (spectra) 
1 mmHg, 117 60 attn 
ultraviolet 
potential energy 
visible 
acetyl 
1-methyl-3,13,16-trithia-6,8,10,l9-tetraazabycyclo[6.6.6]icosane 
aryl 
2,2'-bipyridine 
deuterium oxide 
dimethylformamide 
dimethylglyoxime 
dimethyl sulfoxide 
1,2-ethanediaminetetraacetic acid 
1,2-ethanediamine 
tris(N ,N'-dimethy lene-1,2-ethanediamine) 
ethyl 
methyl 
8-ammonio-1-methyl-3, 13, 16-trithia-6,10, 19-
triazabicyclo[6.6.6]icosane 
8-nitro-1-methyl-3, 13, 16-trithia-6, 10, 19-
triazabicyclo[6.6.6]icosane 
phenyl 
sarcophagine = 3,6, 10, 13, 16, 19-hexaazabicyclo[6.6.6]icosane 
4,4,4" -ethy lidynetris(3-azabutan-1-amine) 
6,6'6"-ethylidynetris(2,5-diaza-hex-1-ene) 
sepulchrate = 1,3,6,8,10,13,16,l9-octaazabicyclo[6.6.6]icosane 
1,1,1-tris(aminomethyl) ethane 
1,1,1-tris(N-methylene-amino methyl) ethane 
1,4, 7-triazacyclononane 
tetra( 1-butyl)ammonium triflate 
4,4,4 "-ethylidynetris(3-thiabutan-1-amine) 
tetramethylsilane 
3,7, 11, 15,18,22-hexaazabicyclo[7.7 .7]tricosane 
1,5,9, 13,20-pentamethyl-3,7,11,15, 18,22-hexaazabi-
cyclo[7. 7. 7]tricosane-3, 14, 18-triene 
1,5,5,9, 13, 13,20,20-octamethyl-3, 7, 11, 15, 18,22-hexaazabi-
cyclo[7. 7. 7]tricosane-3, 14, 18-triene 
trifluoromethane sulfonate, CF3S03-
Table of Contents 
Declaration 
Acknowledgment 
Prologue 
Abstract 
Abbreviations 
Contents 
Chapter 1: Introduction 
1.1 CoN6 Amine Systems 
1.1.1 Historical Perspective 
1.1.2 Principal Properties 
1.2 Synthetic Routes 
1 . 2 .1 Direct Method 
1.2.2 Template Method 
Section I 
1. 3 Saturated Macrobicylic Hexaamine Complexes 
1.4 Methanimines 
1.4.1 
1.4.2 
1.4.3 
N-Monosubstituted Methanimines (X-N=CH2, X = R or H) 
N ,N-Disubstituted Methaniminium Compounds 
(RR'N=CH2X, X = counterion) --- Iminium Ions 
N-Coordinated Methanimines (M-NR=CH2) 
1.5 Larger Cavity Cages 
1. 6 Cationic Surfactants 
1. 7 Polymeric Cage Complexes 
1.8 Interaction with DNA 
1. 9 Nomenclature 
1.10 Scope of This Study 
1.11 References 
Chapter 2: General Experiment 
2 .1 Materials 
2.2 Experimental Procedures 
2.2.1 Chromatography 
2.2.2 Kinetic Studies 
xiii 
v 
Vl 
vii 
IX 
X1 
Xlll 
1 
1 
1 
2 
2 
2 
3 
4 
9 
9 
10 
11 
13 
14 
16 
18 
19 
20 
20 
29 
29 
29 
29 
31 
xiv 
2.2.2.1 Preliminary Studies 31 
2.2.2.2 Stopped Flow Method 31 
2.2.2.3 Electron Self-Exchange Rates 31 
2.2.3 Electrochemistry 33 
2.2.3.1 Equipment 33 
2.2.3.2 Electrochemical Cell 33 
2.2.3.3 Procedures 33 
2.2.4 Crystal Structure Determinations 34 
2.2.5 Triflate Salts 34 
2.2.6 Electrospray Mass Spectrometry (ESMS) 35 
. ;· 2.2.6.1 Introduction 35 
2.2.6.2 Equipment and Procedures 36 
2.3 Physical Measurements 36 
2.3.1 NMR Spectra in Solution 36 
2.3.2 Solid State NMR 37 
2.3.3 Electronic Spectra 38 
2.3.4 Solid Diffuse Reflectance Spectra 38 
2.3,5. Infra-red (IR) Spectra 38 
2.3.6 Electron Spin Resonance (ESR) Sectrometry 38 
2.3.8 Optical Rotatory Dispersion (ORD) 38 
2.3.9 Elemental Analysis 39 
2.4 Syntheses 39 
2.4.1 Ethylidynetris(metbyl)ttis(benz~nsuJ:{on,ate) 39 
2.4.2. 4,4' ,4" -Ethylidynetris(3:-azabutan-1-amine) 39 
2.4.3 [Co(en)3]Cl3~4H20 40 
. 2.4.4 [Co( en)3]Cl3 · H20 40 
2.4.5 [Co(en)3](CF3S03)3·H20 41 
2.4.6 [Co((N02)2-sar)]Cl3·H20 41 
2.4.7 [Co((NH3)2-sar)]Cls·H20 41 
2.4.8 [Co( (NH2h-sar) ](CH3C02)3 · H20 42 
2.4.9 [Co(sen)]Cl3·H20 42 
2.4.10 [Co(sen)](CF3S03)3 43 
2.4.11 Recrystallisation of tetra( 1-butyl)ammonium Triflate 44 
2.4.12 Ethylidynetris(methanamine) Trihydrochloride, tame· 3HC1 44 
2.4.13 [Co(tame)2]Cl3·H20 44 
2.5 References 45 
Section II 
Chapter 3: Synthesis, Structure, Reactivity and 
Properties of [Co(CH2h-sen]3+ 
3. 1 Introduction 
3. 2 Experimental 
3.2.1 Syntheses 
3.2.1.1 [Co(CH2)3-sen]Cl3·3H20 
3.2.1.2 
3.2.1.3 
3.2.1.4 
3.2.1.5 
3.2.1.6 
3.2.1.7 
3.2.1.8 
3.2.1.9 
3.2.2 
3.2.2.1 
3.2.2.2 
[Co(CH2h-sen]Cl3·H20 
[Co(CH2h-sen](CF3S03)3 
Reaction of [Co(sen)]Cl3·H20 with Formaldehyde 
Reaction of [Co(CH2h-sen]3+ with Acetophenone 
Reaction of [Co(CH2)3-sen]3+ with Acetylaldehyde 
Reaction of [Co(CH2h-sen]3+ with 4-Acetylbenzonitrile 
Reaction of [Co(CH2h-sen]3+ with 9-Acetylanthrancene 
Reaction of [Co(ten)](CF3S03)3 with Formaldehyde 
X- ray Crystallography 
[Co(CH2h-sen](ZnCl4)Cl·2.7H20 
[Co(C13H29N30S3Cl)](Cl04)3·4H20 
3.3 Results and Discussion 
3.3.1 
3.3.2 
3.3.3 
3.3.4 
3.3.4.1 
3.3.4.2 
3.3.4.3 
3.3.5 
3.3.6 
3.3.6.1 
2.3.6.2 
. 3.3.6.3 
3.3.6.4 
Synthesis of [Co(CH2h-sen]3+ 
Reaction of [Co(ten)](CF3S03)3 with formaldehyde 
Reaction of [Co(sen)]Ch·H20 with formaldehyde 
Physical Measurements 
NMR Spectroscopy 
Electronic Spectroscopy 
Stability 
The Description of the Structure of [Co(CH2)3-sen]3+ 
Chemical and Reactivity Properties 
Reaction of [Co(CH2h-sen]3+ with Acetophenone 
Reaction of [Co(CH2)3-sen]3+ with Acetylaldehyde 
Reaction of [Co(CH2h-sen]3+ with 4-Acetylbenzonitrile 
Reaction of [Co(CH2)3-sen]3+ with 9-Acetylanthrancene 
3. 3. 7 Electrochemistry 
3 .4 Conclusions 
3. 5 References 
Chapter 4 Syntheses, Structures, Reactivities and Properties 
of [Co((CH2h-en)3]3+ and [Co((CH2)3-tame)i]3+ 
4.1 Introduction 
xv 
47 
47 
50 
50 
50 
51 
51 
51 
52 
54 
56 
58 
59 
60 
60 
61 
62 
62 
64 
69 
74 
75 
77 
78 
79 
83 
83 
90 
96 
103 
106 
109 
109 
113 
113 
xvi 
4.2 Experimental Section 116 
4.2.1 Synthesis 116 
4.2.1.1 [Co((CH2h-en)3]Cl3·H20 116 
4.2.1.2 [Co((CH2h-en)3](CF3S03)3 117 
4.2.1.3 [Co((CH2h-en)3](Cl04)3 117 
4.2.1.4 Reaction of [Co(en)3]{CF3S03)3·H20 & Formaldehyde 117 
4.2.1.5 Reaction of [Co(en)3]Cl3·4H20 & Formaldehyde 119 
4.2.1.6 Reaction of [Co((CH2h-enh](CF3S03)3·H20 & Nitromethane 120 
4.2.1.7 Reaction of [Co((CH2h-en)3](CF3S03)3-H20 & Acetylaldehyde 120 
4.2.1.8 Reaction of [Co((CH2h-enh](CF3S03)3-H20 & Butyraldehyde 121 
4.2.1.9 [Co((CH2h-tame)i](ZnCl4)Cl·3H20 122 
4.2.1.10 [Co( (CH2h-tame )i]Cl3·4H20 124 
4.2.2 Solution and Refinement of Crystal Structures 124 
4.2.2.1 [Co( (CH2h-enh](ZnCl4)1s2H20 124 
4.2.2.2 [Co(CsH20N4)Cl2]Cl ·O. 78H20 125 
4.2.2.3 [Co((CH2h-tame)i](ZnCl4)Cl·3H20 127 
4.3 Results and Discussion 129 
4.3.1 Co( (CH2h-enhP+ 129 
4.3.1.1 Synthesis of [Co((CH2h-en)3]3+ 129 
4.3.1.2 NMR Spectroscopy 131 
4.3.1.3 Stability Study By NMR 133 
4:3.1.4 Absorption Spectra 134 
4.3.1.5 The Crystal Structure of the [Co((CH2h-en)3]3+ 136 
4.3.1.6 Redox Chemistry 139 
4.3.2 [Co((CH2)3-tame)i]3+ 141 
4.3.2.1 Synthesis 141 
4.3.2.2 NMR Spectroscopy 145 
4.3.2.3 Stability Study by NMR 147 
4.3.2.4 Electronic Spectroscopy 148 
4.3.2.5 Structure Description 150 
4.3.2.6 Electrochemistry 152 
4.3.3 Reactions 153 
4.3.3.1 Reaction of [Co(en)3]{CF3S03)3·H20 with Formaldehyde 153 
4.3.3.2 Reaction of [Co(en)3]Cl3·4H20 with Formaldehyde 157 
4.3.4 Chemical Properties of [Co(diene-en)3]3+ 161 
4.3.4.1 Reaction of [Co((CH2h-enh](CF3S03)3 with acetylaldehyde 161 
4.3.4.2 Reaction of [Co((CH2h-enh](CF3S03)3 with Nitromethane 163 
4.3.4.3 Reaction of [Co((CH2h-enh](CF3S03)3 with butyraldehyde 164 
4.4 Conclusions 
4. 5 References 
Section III 
xvii 
166 
169 
Chapter 5: The Synthesis and Properties of [ ColI(Mes-tricosaneN 6) ]2+ 171 
5 .1 Introduction 171 
5.2 Experimental 172 
5. 2 .1 Synthesis 172 
5.2.1.1 [Co(Me8-tricosatrieneN6)](ZnC4)Cl 172 
5.2.1.2 [Co(Mes-tricosaneN6)](N03)z·H20 
5.2.1.3 [Co(Mes-tricosaneN6)]Cl2·3H20 
5.2.1.4 [Co(Mes-tricosaneN6)]ZnCl4 
5. 2. 2 Crystallographic Determination 
5.2.2.1 [Co11(Mes-tricosaneN6)](N03)2-H20 
5.2.2.2 [Coll(Mes-tricosaneN6)]ZnCl4 
5. 3 Results and Discussion 
5.3.1 Synthesis of [Colll(CH3)s-tricosanetrieneN6)J3+ Cage 
5.3.2 Synthesis of [Coll(Mes-tricosaneN6)]2+ Cage 
5.3.3 
5.3.3.l 
5.3.3.2 
5.3.4 
5.3.5 
5.3.6 
5.3.7 
5.3.7.1 
5.3.7.2 
5.3.7.3 
5.3.8 
5.3.9 
Description of Structures 
Structure of [Coll(Mes-tricosaneN6)HN03)2-H20 
Structure of [Coll(Mes-tricosaneN6)]ZnCl4 
Stability 
Vis-NIR Spectroscopy 
Electrospray MS Spectroscopy 
NMR Spectroscopy 
NMR Spectra of Pink Form [Coll(Mes-tricosaneN6)]2+ 
VT NMR of Pink Form [Coll(Mes-tricosaneN6)]2+ 
NMR Studies of [ColI(Mes-tricosaneN6)]ZnC4 
Electrochemistry 
ESR Spectroscopy 
5 .4 Conclusions 
5. 5 References 
Chapter 6: The Synthesis and Properties of [CoIIl(Mes-tricosaneN6)J3+ 
6.1 Introduction 
6. 2 Experimental 
6.2.1 Synthesis 
173 
174 
174 
174 
174 
175 
176 
176 
178 
180 
180 
183 
187 
187 
189 
. 192 
192 
196 
198 
203 
205 
208 
208 
211 
211 
211 
211 
xviii 
6.2.1.1 
6.2.1.2 
6.2.1.3 
6.2.1.4 
6.2.2 
6.2.2.1 
6.2.2.2 
6.2.3 
[ CoIIl(Meg-tricosaneN6) ](N03)3 · 5H20 (orange) 
[Co(Meg-tricosaneN 6) ](N03)3 ·4H20 (blue) 
[Co(Meg-tricosaneN6) ](N03)3 · H20 (purple) 
[Co(Meg-tricosaneN6)]Cl3·3H20 
Reactivity in Water 
Reduction of [Co(Meg-tricosaneN6)]3+ under Basic Conditions 
Reduction of [Co(Me8-tricosaneN6)]3+ at 90°C -- ·· 
X-ray Structure Determination 
211 
213 
213 
213 
234 
214 
214 
215 
6.3 Results and Discussion 216 
6.3.1 Synthesis 216 
6.3.2 Solution NMR Spectroscopy of [ColII(Meg-tricosaneN6)] (N03)3 218 
6.3.3 
6.3.4 
6.3.4.1 
6.3.4.2 
6.3.4.3 
6.3.5 
6.3.6 
6.3.7 
6.3.8 
6.3.8.1 
9.3.8.2 
6.3.9 
6.3.9.1 
6.3.9.2 
6.3.9.3 
6.3.10 
6.3.11 
6.3.11.1 
6.3.11.2 
Electronic Spectra 
Electrochemistry 
Aqueous System 
Aqueous Methanol System 
Aqueous Methanol System -- Low Temperature CV 
Solution 59Co NMR Spectroscopy of Co(ID) Cage 
Stability of [Colll(Mes-tricosaneN6)]3+ Ion 
Solid Diffuse Reflectance Spectra 
Conformational and Spin Changes 
Conformational Change 
Evidence of Spin Change 
Structures of [CoIIl(Me8-tricosaneN6)]3+ Ions 
[CoIIl(Meg-tricosaneN6)](N03)3·5H20 (Orange Form) 
[CoIIl(Meg-tricosaneN6)](N03h·4H20 (Blue Form) 
[CoIIl(Me8-tricosaneN 6) ](ZnC4)Cl 
Solid State 13C and 59Co NMR Study 
Kinetic Study 
Half Cell Reaction 
Stop Flow Reaction 
6.3.11.2 Electron Transfer Self-exchange Rate Constants 
6.3.12 Electrospray Mass Spectrometry Studies 
6.4 Conclusions 
6. 6 References 
Chapter 7: The Synthesis of Octa Methyl Hexaamine Ligand 
and Its Chemistry 
7 .1 Introduction 
221 
224 
224 
226 
228 
229 
232 
233 
235 
235 
237 
239 
239 
242 
243 
244 
249 
249 
250 
254 
258 
265 
267 
269 
269 
7. 2 Experimental Section 
7 .2.1 Synthesis 
7 .2.1.1 Meg-tricosaneN6 ------Method One 
7.2.1.2 
7.2.1.3 
Meg-tricosaneN6 ------ Method Two 
[Cull(Meg-tricosaneN6)](Cl04)i-3H20 
7. 3 Results and Discussion 
7.3.1 
7.3.1.1 
7.3.1.2 
7.3.2 
7.3.2.1 
7.3.2.2 
7.3.3 
7.3.4 
7.3.5 
Syntheses and Reactions 
Meg-tricosaneN6 Free Ligand 
[Cu(Meg-tricosaneN 6) ]2+ 
NMR Spectroscopy 
Meg-tricosaneN6 
[ Cu(Meg-tricosaneN 6) ]2+ 
ESMS Studies 
Electronic Spectroscopy 
Electrochemistry 
7 .4 Conclusions 
7. 5 Further Work 
7. 6 References 
Section IV 
XIX 
271 
271 
271 
272 
272 
273 
273 
273 
274 
275 
275 
277 
278 
280 
283 
284 
285 
285 
Chapter 8: Polymeric Cage Complexes: Formation and Properties 287 
8.1 Introduction 287 
8.2 Experimental 287 
8.2.1 Synthesis 287 
8.2.1.1 [Co(Me,CHO)-sar](CH3C02)3·3.5H20 287 
8.2.1.2 Resolution of (±)-[Co(Me,CHC})-sar]3+ 288 
8.2.1.3 Reaction of [Co(Me,CHO)-sar]3+ and [Co(NH2h-sar]3+ 289 
8.2.1.4 Reaction of [Co(Me,CHO)-sar]3+ and 1,4-Diaminobutane 291 
8.2.2 Interaction with DNA 293 
8.2.2.1 General 293 
8.2.2.2 DNA Retardation Assays 294 
8.2.2.3 Photocleavage Assays 
8.3 Results and Discussions 
8.3.l Synthesis 
8. 3 .1. 1 Closely linked cages 
8 .3 .1. 2 Long Distance Linked Cages 
8. 3. 2 NMR Spectra of Dimeric and Trimeric Cage Complexes 
294 
295 
295 
295 
297 
297 
xx 
8.3.2.1 Closely Linked Cages 
8. 3. 2 .2 Long Distance Linked Cages 
8. 3. 3 Electrospray Ionization Mass Spectrometry 
8.3.4 Electronic Spectroscopy 
8. 3. 5 Electrochemistry 
8.3.6 Polymeric Cage Complex Ion-DNA Interactions 
8.3.6.1 Introduction 
8.3.6.2 DNA Retardation Assays 
8.3.6.3 Photochemical Cleavage of DNA 
8 .4 Conclusions 
8. 5 Further Work 
8. 6 References 
Chapter 9: Syntheses of Highly Charged Lipophilic Cages 
with Paraffin Tails 
9 .1 Introduction 
9. 2 Experimental 
9.2.1 Synthesis 
9.2.1.2 [Co(NH3,NH2(CH2)9CH3)-sar]Cl5·3H20 
9.2.1.2 [Co(NH2(CH2)9CH3)2-sar]Cl5·5H20 
9.2.1.3 
9.2.2.4 
9.2.2 
[Co(HNMe2,HNMe(CH2)9CH3)-sar]Cl5·5H20 
[Co(NMe3,HNMe(CH2)9CH3)-sar ]Cls· 7H20 
and [Co(NMe3,NMe2(CH2)9CH3)-sar]Cl5· lOH20 
Biological Activity 
9. 3 Results and Discussion 
9. 3. 1 Synthesis 
9. 3 .1.1 Paraffin Tail Cages ~ith 3+ Charge 
9. 3 .1. 2 Highly Charged Cationic Surfactants 
9. 3. 2 NMR Spectroscopy 
9.3.3 ESMS Studies 
9.3 4 
9.3.5 
9.3.6 
Electronic Spectroscopy 
Electrochemistry 
Biological Activity 
9 .4 Conclusions 
9. 5 References 
Appendix 
297 
301 
304 
307 
309 
314 
314 
315 
317 
319 
319 
320 
323 
323 
323 
323 
323 
324 
325 
326 
327 
328 
328 
328 
328 
331 
337 
340 
343 
345 
346 
346 
xxi 
Appendix 1.1 1 
Appendix 1.2 2 
Appendix 3.1 3 
Appendix 3.2 4 
Appendix 3.3 6 
Appendix 3.4 7 
Appendix 3.5 7 
Appendix 3.6 8 
Appendix 3.7 9 
Appendix 3.8 9 
Appendix 3.9 10 
Appendix 4.1 11 
Appendix 4.2 12 
Appendix 4.3 13 
Appendix 4.4 14 
Appendix 4.5 15 
Appendix 4.6 15 
Appendix 4.7 16 
Appendix 5.1 17 
Appendix 5.2 18 
Appendix 5.3 19 
Appendix 5.4 19 
Appendix 5.5 20 
Appendix 5.6 20 
Appendix 5. 7 21 
Appendix 6.1 22 
Appendix 8.1 24 
xxii 
Section I 

1 
CHAPTER 
11 
Introduction 
1.1 CoN 6 Amine Systems 
1.1.1 Historical Perspective 
The first known CoN6 compound is believed[!] to be the [Co(NH3)6]Cl3 
molecule which was isolated by Fremy[2] and others[3]. They showed that the cobalt 
becomes tervalent and the salt is associated with up to a maximum of six ammonia 
molecules, e.g. Co·6NH3·3Cl. 
The correct recognition of the structure of the Co·6NH3·3Cl compound by 
Werner in 1893 as that defined by the formula [Co(NH3)6]Cl3, which has two different 
kinds of valence forces, is considered to be the cornerstone of coordination chemistry.[4, 
5] In 1911[6, 7] Werner resolved the compounds [CoNH3en2Cl]X2 and 
[CoN02en2Cl]X, and in 1912 [Coen3]X3,[8] into their enantiomets, thus proving the 
octahedral arrangement of the six N atoms about cobalt, and convincing most chemists of 
the validity of his theory. The CoN6 amine systems, their synthesis, coordination 
geometry, isomerism, spectroscopy, conformational analysis, stability, kinetics and 
redox chemistry, have since fascinated generations of chemists.[9] 
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1.1.2 Principal Properties 
The main oxidation states of cobalt in aqueous solutions are +2 and +3. In the 
absence of ligands other than water, solutions of cobalt(ll) contain the pink hexa-aquo 
ion [Co(H20)6]2+ and this is the thermodynamically stable state. The [Co(H20)6]3+ ion 
is a very powerful oxidising agent (- 1.9 V vs SHE) which will, inf~ct, oxidize water to 
oxygen. Thus in the absence of complexing agents simple Co(lll) salts are not stable in 
aqueous solution. In the presence of ligands, e.g. ammonia, which stabilise the Co(lll) 
state, however, the oxidation of Co(ll) to Co(lll) becomes very much more favourable 
and is often brought about by atmospheric oxygen. 
CoN6 complexes in the Co(ill) oxidation state have a low spin t~ge~ configuration 
whereas the Co(m species are usually in the high spin tige: configuration. The observed 
spin-allowed ligand field absorption bands of CoIIIN6 complexes are normally around 
470 and 340 nm, producing the familiar orange-yellow colour of these classical 
coordination compounds. Also the CoN63+/2+ couples are generally irreversible on the 
cyclic voltametric time scale because of the substantial rearrangement energy required for 
electron transfer between the two non-complementary oxidation states. 
1. 2 Synthetic Routes 
Fundamentally there are two different ways to make CoN6 compounds. One is 
by the direct complexation route and the other via template methods. A brief introduction 
is given here. 
1.2.1 Direct Method 
For simple relatively stable complexes, such as [Co(NH3)6]3+ and [Co(en3)]3+, 
the direct method is usually straightforward. A standard preparative procedure[9] for the 
simple Co(ill) hexaamine complexes consists of mixing an aqueous or alcoholic solution 
of a Co(ll) salt with the free base of the amine and oxidation by oxygen, H202, or other 
oxidants. To prevent the reaction from terminating at the tetra- or penta-amine stage with 
monodentate ligands, a surface-active catalyst, usually charcoal, is added to give the 
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thermodynamically favoured CoillN6 species in good yields. These methods, however, 
often need considerable modification for the less stable cobalt(lll) hexaamines. 
1.2.2 Template Method 
The template method was recently defined in terms of the basic elements of 
molecular organisation by Busch.[10] 
"A chemical template organizes an assembly of atoms, with respect to one or 
more geometric loci, in order to achieve a particular linking of atoms." 
---· .-,,. -
lnorgaftic chemical templates relevant to this thesis were discovered and 
-
demonstrated for the field of synthetic chemistry many years ago.[11, 12] They have 
been used extensivf(ly in both inorganic and organic chemistry, particularly in macrocycle 
syniliesis.[13] By using a metal amine comple~ as a template, the polycyclic ligand cage 
complexes can often be made much more rapidly and efficiently than by tedious multi-
step organic syntheses of analogous Hgands.[14] For example, the Schiff-base 
condensation between carbonyl groups and amines to form an imine linkage has been the 
basis of many successful syntheses of macrocycles, especially those utilising .the template 
effect An important early example is the reaction of acetop.e with tris(l ;2'" 
diaminoethan)nickel(II) perchlorate to form the macrocyclic nickel complex. (Scheme 
1~1). In this reaction, although starting with MN6 complex [Ni(e.n)J]2+, the [Ni(en)z]2+ 
ion is the likely chemical template. 
Scheme 1.1. One Early Macrocycle Synthesis Using a MN6 Template. 
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Another more secure example is the synthesis of the unsaturated cage 
[Co(DMG)3(aF)2]+ (DMG = dimethylglyoximato)starting with the kinetically inert MN6 
template K3[Co(DMGh] (Scheme 1.2).[15, 16] 
--, 3-
o· o· o· 
I I I XN"-. N Nx· : /Co~: 
N' N N 
I I I 
o· o· o~ 
F" 
I . ---- I+ 
B o~·"'-o 
I \ I 
N.. N N 
3BF3 x· "" ~ x· 
-----,i.., ~~Co~~ . -
I \ I 
o~~o 
B - . 
I 
F". 
Schem'e 1.2. Orte Early· Template Synthesis of a CoN6 Macrobicyclic Cage Complex. 
1. 3 · · Saturated Macrobicyclic · Hexaamine Complexes 
In 1977 a new type of CoN6 amine complex, the saturated bicycloicosane type 
cage was developed using reswts arising from the coordinated imine reactivity of Co(lll) 
amine complexes. This is strikingly illustrated in the synthesis of the cobalt(III) 
sepulchrate ion from the kinetically inert template •[Co(en)3]3+ by· treatment with 
formaldehyde and ·ammonia, in which the two open faces of the substrate are capped by 
-N(CH2h- groups (Scheme 1.3).[18] The metal ion is thus completely encapsulated in 
the hexadentate ligand. 
N ~ ':J 13+ 
NH NH NH 
c ~1< J 
NH NH NH 
l}_) 
Scheme 1.3. Template Synthesis of Saturated MN6 Cage [Co(sep)]3+. 
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Sepulchrates were the first macrobicyclic icosane type cages analogous to polyoxa 
cryptands.[109] The Co-N bond distances are 1.99 A[17, 18] for Co(III) and 2.16 
A[17] for Co(Il) and they are similar to those for othertypical cobalt amines. But these 
molecules have shown some remarkable properties such as unusual stabilities and 
electron transfer phenomena.[18, 19, 20] 
For the macrobicyclic cages, the chelate, macrocycle and cryptate effects are 
involved in stabilising complexes,[21, 22] and a scheme demonstrating these effects is 
depicted in Figure 1.1. From [Co(NH3)6J3+ to [Co(NH2h-sar]3+, the reduction potential 
also changes obviously, but this depends on many other factors as well. 
(a) INCREASING TOPOLOGICAL CONSTRAINT 
I COORDINATION CHELATION MACROCYLE EFFECT CRYPT A TE EFFECT I 
~ 
~NH2 (~) r HN:'.rJ NH3 NH.,, HN NH HN HN NH \__} y 
en tacn Me2-sar 
(b) REDUCING REDUCTION POTENTIALS # 
-0.06 -0.20 - 0.41 -0.48 I 
NH t3+ <' t3+ '\f\1\713+ ~13+ NH2 H2 
NH3 '''"··· d ..... ~,,NH3 H1N11,,, •... ct······""N ~ HN~N/NH HN"-H~H /~\ C /d~ j ~ o~ H1N~ I ~N NH~ I N~ ~NH2H2 HN HN NH HN HN NH NH) L\:!:j~ y 
Figure 1.1. (a). Topology and the Chelate, Macrocycle, and Cryptate Effects; (b). 
Reduction Potential (versus SHE).(# Ref.: [23]) 
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Encapsulation of the cobalt ion by the bicyclic hexaamine ligand results in a 
remarkable stabilization of both cobalt(II) and cobalt(III) ions in a kinetic and 
thennodynamic sense. Subsequently, many analogous derivatives have been isolated and 
they have shown similar results.[17, 24, 25, 26, 27, 28, 29, 30, 31] In aqueous solution 
the oxidation of Co(II) to Co(III) in the cage is normally very favQ_llJ"~ble and simple air 
bubbling is effective, but the Co(II) cages are quite stable at pH 7, 20°C under an 
atmosphere of dinitrogen. All of these Co(II)/(III) cage couples show reversible or 
quasi-reversible cyclic voltammetry but the potenti(l} is substituent dependent over a range 
of - 0.5 v. 
The electron self-exchange rates observed for the cobalt cages are surprisingly 
rapid compared with those observed for the parent [Co(NH3)6]2+13+ and [Co(en)6]2+13+. 
Some examples are given in Table 1.1. 
Table 1.1. Self-Exchange Electron Transfer Rate Constants and Structural Parameters 
Involved in Co(ml(III) 
k (M-ls-1) 
25°C 
Redox Couple µ = 0.1 M 
[ Co(NH3)6]2+t3+ l0-6 
. [Co( en)6]2+13+ 3.4 x 10-5 
[Co( sep) ]2+13+ 5 
[Co(sar)]2+13+ 2 
L\ (Co-N) 
A 
0.22 
0.21 
0.19 
0.19 
Ref. 
[36] 
[37, 38] 
[17, 18, 38] 
[25] 
The rate of electron transfer for the [Co(sep)]2+13+ and [Co(sar)]2+13+ couples is about a 
million fold faster than that for [Co(NH3)6]2+13+, the parent hexaamine analcrgue. 
According to molecular mechanics calculations and structural studies,[32, J3, 34] this 
dramatic effect mainly rises from the strain created by coordinating the cage to the metal 
ion. The natural cavity size of most conformations is a little too large for Co3+ and a little 
too small for Co2+. The net result is that the cage helps both ions to reach.the transition 
state. [35] A schematic diagram is depicted in Figure 1.2. 
LiG 
Ch.;tpter One 
Top: [Co(cage)]3+/2+ 
Bottom: [Co(NH3)6]3+/2+ 
Reactants Thansition 
State 
Reaction Coordinate 
l -Strain Energy 
Products 
Figure 1.2. Contributions of Reorganization Energy to Electron Self-Exchange. 
Since 1977 many apically substituted cages have been made. Some examples of 
the substituents are: N02, NHOH, NH2, N(CH3)3, OH, Br, I, Cl, COOH, COOR, 
NHCOCH3, CN, CH(NH2)COOH, C6Hs, C5H4NCH3+, C5H4N, CONH2, ZnCl3, 
CH20H, CHO, CH3;[35, 39] It was found that different apical substituents may be 
used t? turn the Co(ill)/(II) reduction potential of the cage and potential spans from 0 V 
to - 0.5 V (vs SCE). 
The bicycloicosane type cage complexes have a rich stereochemistry. The 
configurations around the metal ions and the N centres[17, 18, 19, 40] are generally 
known, as ~ell as some knowledge of conformational characteristics.[41, 42, 43, 32, 
33] Usually, the lei (en C-C axis parallel ~o the C3 axis) conformations are more 
preferred in aqueous solution than the ob (en C-C axis oblique to the C3 axis) for the 
ethandiamine chelate ring fragments.[110] However, steric effects introduced by alkyl 
substitutions at equatorial rings can stabilise either the ob3 or le/3 conformations.(e.g. 
Figure 1.3) 
i ~: 
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lel3 • [CoIII(NH3)2Me3-sar]5+ 
E4go = 151; £345 = 137 
E = 0.015 V (SHE) 
ob3 • [CoIIl(NH3)2Me3-sar]5+ 
£450 = 85; £332 = 95 
E = - 0.29 V (SHE) 
Figure 1.3. Facial Isomers of [Coill(NH3)2Me3-sar]5+. 
The lel3 and ob3 forms for these molecules are readily separated by ion exchange 
chromatography [33] and show remarkably different electronic absorption spectra and 
reduction potentials which are given in Figure 1.3. Clearly the ob3 isomers absorb at 
appreciably higher energies and it is obvious that the cage. has a stronger ligand field in 
the ob3 conformation. Th~ more negative potentials of the ob3 isomers imply that the 
ob3 conformation has a somewhat smaller natural cavity size. It fits the Co(III) ion a little 
better than the lel3 conformation and is a much poorer fit for the larger Co(Il) ion. The 
'· " ' 
ob3 isomers also have 30-fold larger electron self-exchange rate constants than the lel3 
forms. 
Another type of steric effect arises from apical NHR2 + and NR.3 + substituents, 
which forces the Co(Ill) cage complexes to adopt the ob3 conformation, and results in 
quite different spectroscopic and electrochemical properties from the lel3 conformers.[44, 
31] The capping atoms P and As which substitute for Nin [Co(sep)]3+ display similar 
changes as well.[45, 46] 
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1. 4 Methanimines 
It is well known that imines are vitally important in both synthetic chemistry and 
biochemical reactions. Methanimines are a special group of imines in which the 
molecules have at least one typical methanimine or methyleneimine group (N=CH2). 
There are three main kinds of methanimines. Firstly,jn the N-monosubstituted 
methanimines (X-N=CH2, X = R or H) the nitrogen is attached to a carbon or a proton. 
Secondly, the N,N-disubstituted methaniminium compounds (RR'N=CH2X, X = 
negative counter ion) have nitrogen attached to two carbons forming a positive imminium 
ion species. Thirdly, in the N-coordinated methanimines (M--NR=CH2, M =metal ion) 
the nitrogen has an attached carbon or proton and functions as an electron donor by 
coordinating to a metal ion. A short review of the first two types of methanimines is 
given below and the study in this thesis will focus on the chemistry of the N-coordinated 
methanimines. 
1.4.1 N-Monosubstituted Methanimines (X·N=CH2, X = R or H) 
N-monosubstituted methanimines (X-N=CH2, X = R or H), the "normal" organic 
methanimines, are exceedingly unstable compounds but they play an important role both 
as intermediates and as products in a wide variety of chemical systems.[47, 48] They are 
very readily hydrolysed and polymerise very efficiently. For example HN=CH2 
polymerises at 160 Kand CH3N=CH2 at 230 K,[49] and they have to be characterised at 
low temperature. In 1951 Anderson devised a synthesis for methanimines which 
involved pyrolyzing a hexahydro-1,3,5-tri-hydrocarbon substituted-s-triazine at a 
temperature of over 200°C,[50] and many other chemists have since explored their 
synthesis and properties.[47, 48, 51, 52, 53] These syntheses were not usually carried 
out by traditional methods, and either flash vacuum thermolysis (FVT) or gas-solid 
reaction (GSR) techniques or both were employed in a typical experimental 
procedure.[48] The one exception was the synthesis of the first vacuum distillable (steam 
distillation at atmospheric pressure caused it to hydrolyze completely) monomeric N-aryl 
methanimine which pontained two 2-propyl ortho substituents,[54] but attempts at 
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separating its analogues even by very careful solvent evaporation resulted in extensive 
hydrolysis.(55] In this special case, the kinetic stabilization of the compound towards 
oll.gomerization is clearly due to the steric hindrance of the 2-propyl substituents ortho to 
the nitrogen atom.(56] Theoretical chemists have also studied the structure and 
. reactivities of organic methanimines using MNDO and AMI calculations[57 ,- 58, 59] 
and ab initio molecular orbital methods.[60, 61] All knowledge of the methanimine 
moiety has been obtained' from limited NMR, IR, microwave spectru.. and theoretical 
calculations, and no crystal structures have been determined. Also, ~very few reactivity 
stUdies of isolated methanimines have been published. 
Some researchers have made derivatised methanimines using electronegative 
groups, such as fluorine[62, 63, 64], chlorine[64] or CF3[65] to stabilize them, but this 
inevitably destroys the intrinsic methanimine structure and results in.loss of some of the 
typical methanimine properties. Even in these cases low temperature methods need to be 
employed. 
1.4.2 N ,N-Disubstituted Methaniminium Compounds 
(RR'N=CH2X, X = counter fon) --- lminium Ions 
The N,N-disubstituted methanimines are cations, and normally las unstable as the 
N-monosubstituted methanimines. An intermediate N,N·disubstituted methanimine 
cation in the Mannich condensations has been proposed by several investigators,[66, 67, 
68] but its presence has never been unequivocally established except in strong acid 
solution[69] and in some special cases.(70] In the latter case Mannich salts of the 
[(CH3)2N=CH2]X (X =I'", c1-, CF3COO-) type are stable[71] and can be used as 
electrophiles in a range of reactions.[72] For example, addition of the iminium salt to 
nucleophiles such as Grignard reagents, vinyllithium reagents,· sodium thiophenoxide, 
and stabilized carbanions gives the expected results, some of which are summarised in 
Scheme 1.4. 
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Scheme 1.4. Reactivity of Mannich Salts. 
Although the N,N-dialkylmethyleneammonium salt is a very useful reagent in 
these reactions, the other N,N-disubstituted methanimines are not useful as normal 
organic reagents because of lower stability under normal conditions. 
1.4.3 N-Coordinated Methanimines (M-NR=CH2) 
The hexaamine complexes [Co(sen)]3+, [Co(en)3]3+ and [Co(tame)z]3+ are 
very useful templates in the synthesis of macrobicyclic cages with six nitrogen donor 
atoms. They react with nucleophilic reagents in a very efficient way to form aza 
macrocycles in the presence of formaldehyde and base under moderate synthetic 
conditions (20°C, 1 atm). Several important classes of cage complexes have been 
isolated, and these are exemplified by [Co(sep)]3+,[19, 17] [Co(Me)-azasar]3+,[73] 
[Co(NH2, Me)-sar]3+ and [Co(N02)2-sar]3+,[26] [(3,l l-dimethyl-7-nitro-
1,5,9, 13, 16, 19-hexa-azatricyclo[9.3.3.3]icosane )cobalt(IIl)]3+ and [(3, 11-dimethyl-
7, 15-dinitro-l ,5,9, 13, 18,21-hexa-azatricyclo[9.5.3.3]docosane )cobalt(III)]3+,[74] 
[Co(Mes-tricosaneN6)],[75] [Co(Me)-arsasar]3+,[45] [Co(Me)-phosphasar]3+ and 
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[Co(Me,O)-phosphasar]3+,[46] and direct routes have been developed to systems with 
other useful functional groups.[76, 77, 78] 
One typical example is illustrated in Scheme 1.5, and clearly coordinated 
methanimines are important intermediates in this reaction. It is of interest to fi11d ways of 
isolating and studying these intermediates in more detail in order to understand such 
reaction mechanisms and to develop new synthetic chemistry. 
NH NH2NH 
[. ~ Inf J2 HCHO Co .. /I'\. Off 
NHz NHz NHz 
HCHO 
Scheme 1.5 Proposed Synthetic Mechanism for the [Co(N02h-sar]3+ Cage Ion. 
Recently multiple N-coordinated methanimines have been isolated or made in situ 
and they display rapid reactivity toward an extraordinary range of nucleophiles from very 
weak bases such as PH3,AsH3, H2S[79] to strong bases such as -cH2CH0.[76] These 
results imply that it should be possible to isolate many relatively stable coordinated multi-
methanimine complexes, by modifying the conditions of the new in situ synthetic 
processes in a suitable medium. 
Isolation of the coordinated methanimines could aid mechanistic studies and 
substantially contribute to an understanding of the hexaaza cage and N-coordinated 
methanimine chemistry. An interesting aspect is that the isolated methanimine complexes 
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will largely retain the electronic structure of the methanimine units (because of the 
relatively weak M-N binding), and therefore make it possible to study their structures and 
electronic properties in a conveniently stable condition. The isolated multi-methanimine 
systems may also serve as important synthetic reagents for efficient condensation with a 
range of nucleophiles. They therefore have the potential to play a key role in the 
development oLmore general, versatile and efficient ways to assemble molecules 
containing carbon and nitrogen frameworks, and hence to generate new cage and metal 
ion polyamine chemistry. 
1. 5 Larger Cavity Cages 
An important way.to modulate the potential energy surfaces of MN6 electronic 
states is to build cage systems with different cavity sizes. These molecule have the 
potential to influence the redox potential, photophysical and photochemical properties and 
electron transfer rates of the chromophores.[80, 81, 82] One good example illustrated in 
Figure 1.4 shows the redox potential change accompanying the cavity size change from 
compound 1, [Co(Me)2-sar]3+ to 2, [Co(Mes-tricosaneN6)]3+ . 
. ~ --i+3 
N(tNH NH 
C kK .J q; 
Co(II)/(111);, 
E112 VS SHE= -0.48 v 
Co-N Bond: about 1.97 A 
A.maxCo(III) 470 nm 
1 
Co(Il)/(111) 
E112 VS SHE = +0.08 v 
·co-N Bond: ·2.022 A 
A.maxCo(ill) 518 nm 
2 
? 
. 
3 
Figure 1.4. Some Effects of Cage Cavity Size and a Proposed Larger Cavity Size 
Cage Complex 3. 
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The reason for this is presumably because all low energy conformations of the penta 
methyl ligand have larger cavities and the Co(III) ion is a much poorer fit. The red-shift 
of the d-d bands of 2 is also evidence for the weaker ligand field of the penta methyl 
ligand. These substantial changes in physical properties, brought about by modifications 
of the ligand cavity while preserving the stability and fast electron transfer aspects, 
pointed the way to more radical modifications involving even larger cavity systems. 
If three more methyl groups are placed at the methine carbon atoms in the three 
equatorial six membered rings of 2, then the complex of 3 is generated. It is expected 
from its Dreiding models that the three additional methyl groups will substantially 
enhance the steric interactions, and profoundly influence the relative stabilities of the 
ligand conformations. Molecular mechanics potential energy surface· calculations on 
Mes-TricosaneN6 and Mes-TricosaneN6 ligands indicate that the cavity of the preferred 
octa methyl ligand conformation is considerably larger than that of the favoured penta 
methyl ligand conformation (radius increases by about 0.2 A).(83] These steric factors. 
may have the potential to induce profound changes in the electronic properties of the 
smaller (first row) transition metal ions and to stabilize complexes of the larger metal ions 
(including alkali and alkaline earth ions). It was also thought that the Co(II)/(III) 
complexes of such a ligand may have a redox potential much more positive than those 
observed hitherto. 
1. 6 Cationic Surfactants 
It is well known that all surfactants (surface active molecules) have a typical 
feature in that they contain two structurally dissimilar parts. That is they are 'amphiphilic, 
with a hydrophilic headgroup and a hydrophobic hydrocarbon tail. In aqueous solution 
the molecules become preferentially adsorbed at the. air-water interface and orientate 
themselves with their tails toward the external phase as shown in Figure 1.5.(84] 
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Hydrocarbon Tails in Air 
Figure 1.5. Adsorption of a Surfactant at the Air-water Interface. 
There are four classes of surfactants according to the charges of their headgroups. 
They are the cationic, anionic, nonionic, and zwitterionic (ampholytic) surfactants.[84] 
~ 
The cationic surfactants were found to contain some biologically active molecules.[85] 
Several cationic surfactants incorporating metal ion cage complexes headgroups have 
been made with these ideas in mind.[86] (Figure 1.6) 
dt13+ 
c>r~NHJ 
7" 
0 
1: R = NH2 
2: R=Me 
R d/13+ 
(~~NJ 
7" 
NH 
3: R = NH2 
4: R=Me 
<f,1 
c~~NHJ 
NH NH NH 
S: n = 7 
6: n = 11 
7: n = 15 
3+ 
Figure 1.6. Cationic Surfactants Derived from Metal Ion Cage Complexes: Potential 
Antiparastic Agents. 
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These molecules have a high charge ( +3) and are soluble in water. Aqueous solutions 
generate a persistent foam when shaken, which is a feature common to detergents, and 
they are also efficient wetting agents. Detailed studies[87J have also shown that the 
molecules with the long single tails (C = 10 to 15 or equivalent) or bifurcated tails are 
effective in killing some parasites in vitro. The complexes with smaller substituents or 
with no alkyl substitution on the amine group were not effective in damaging the 
organisms. 
Previous in vivo work[87], against cestodes also showed evidence of activity, 
and biodistribution following oral. administration showed that the compounds were 
confined to the gastrointestinal tract, whereas organic detergents such as cetylpyridinium 
chloride are absorbed systemically. The authors suggested that the high charge and size 
of the head group of the complex detergents destabilise the exterior membrane of the 
organism. Therefore, the exploration of the synthesis and properties of analogous 
molecules with higher charges ( ;;:: +4) on the head group and the long single tail is an 
interesting pursuit. 
1. 7 Polymeric Cage Complexes 
Monomeric cationic cage complexes have captured much attention because of their 
interesting physical and chemical properties such as unusual stability, chiroptical 
phenomena and relatively fast electron transfer reactions.[18, 19, 20, 26] In addition, 
their utility as electron-transfer agents in photo-catalytic reaction schemes has been 
explored.[88, 89, 90, 91, 92, 93] Recent work also indicated that the kinetically inert 
and photo-stable monomeric cage complexes have useful biological functions and 
activity, such as the potential to act as antiparasitic agents [94, 95] and the ability to bind 
and cleave DNA [96]. The results of a study of polycations containing one monomeric 
cage showed that it binds strongly to both DNA and lipopolysaccharide.{97] 
If several single cages are connected together to form polymenc cage molecules, 
some interesting prospects emerge. The polymeric species would retain some of the 
important properties of the monomers such as high stability, yet would have special 
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properties arising from the close communication between positively charged centres and 
the overall high charge. For example, multiple electron transfers may be effected at rather 
similar potentials, and tightly binding at negative sites, such as the negatively charged 
sugar phosphate backbone of DNA, by such molecules should be very favourable 
compared with the monomeric complexes. 
The first dimeric cobalt complex containing a cage moiety was made by reacting 
an apical amino cobalt(III) cage with the triflato pentaamine cobalt(III) complex in 
sulpholane.[98] {Scheme 1.6) This dimeric species led to some interesting redox 
experiments. The rate of reduction of the oxygen by the Co(II) dimer, however, 
did not differ significantly from that observed for [Coll(Me,NH2)-sar]2+. 
+ 
" 
Scheme 1.6. Synthesis of a Dimeric Cobalt Complex containing One Cage Moiety. 
One way to synthesize a dimeric cage system is to couple two cage radicals to 
form the desired dimer. The radicals can be generated photochemically by ultra-violet 
excitation of the ligand-to-metal charge transfer band, which leads to the reduction of 
Co(III) to Co(II) and generation of the ligand radical. Ultra-violet irradiation of 
{ [CoIIl(Me,COO)-sar][CoIIl(NH3)s]}5+, however, revealed that only about 10 - 12 % of 
the photolysis o~curred by initial reduction of the [CoIIl(NH3)5]3+ moiety to yield the 
Co(III) cage carboxy radical, which then eliminated C02 and dimerized to give the 
desired head-to-head dimer.(Scheme 1.6) The bulk of the photolysis occurred by initial 
: i 
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reduction o.f the Co(Ill) cage to give ultimately [Coill(Me)-sar]3+, the olefin complex and 
[CoJP:{NH3)sH20J3+ as.shown in Scheme 1.7.[99] 
{c.NH~o ~'\ ~0111-NH 
NH "NH O-Co(NH~5 
'---' 
! 
I bv 
l 
10-12 % -75% -5 % 
Scheme 1.7. Products of the UV-photolysis of the [Colll(Me,COO)sar-
CoIII(NH3)5]5+ ion .. 
· Other.dimeric cage complexes have been isolated, but so.far there has been little 
evidence of strong coupling or intervalence behaviour for the dimers. It is. believed in 
some, cases that polymers incorporating "different types of cages would enhance 
interactions between the chromophores because of s- potential differ~nces between 
individual cage moieties. 
1. 8 Interaction with DNA 
Binding studies of metal complexes with deoxyribonucleic acid (DNA) are 
important in the development of diagnostic and therapeutic agents that can recognize and 
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cleave DNA.[100, 101, 102, 103, 104] For small molecules, three general kinds of 
binding are feasible and a schematic diagram is shown in Figure 1.7. 
Groove 
/Binding 
Figure 1.7. Ionic, Groove and Electrostatic Binding of Small Molecules to the DNA 
Double Helix.[105] 
Some CoIIIN6 complexes, such as [Co(NH3)6]3+, [Co(phen)3]3+ (phen = 1,10-
phenanthroline) and [Co(phen)2DPPZ]3+ (DPPZ = dipyrido[3,2-a:2'3'-c]phenazine), 
have been demonstrated to induce single-strand scissions in DNA when irradiated with 
light.[106, 1071 The cage complex of [Co(AnCH2NH,Me)-sar]3+ (An= anthracene) can 
also reduce the electrophoretic mobility of negatively supercoiled circular plasmid DNA 
(pUC9) in a kind of intercalative binding with an estimated binding constant of ca. 1 os M-~ 
[ 108] Clearly, further studies to evaluate the influence of the metal ion cage geometry, 
charge and redox potential on the DNA binding are needed, and could lead to some 
interesting advances in bioinorganic chemistry. 
1. 9 Nomenclature 
The nomenclature used in this thesis involving both trivial and IUP AC 
nomenclature systems and they are given in the synthesis sections in the individual 
chapters. The important molecules, their trivial name and molecular structures, are listed 
in Appendix 1.1. The stereochemical formalism is given in Appendix 1.2. 
l. 
20 Chapfer One 
1.10 Scope of This Study 
Section One: In~roduction 
Chapter One outlines the background and,introduces the study and its scope. 
Chapter Two gives general experimental information. 
Section Two: Coordinated Methanimines 
Chapters Three and Four describe syntheses and structures of cobalt (III) tri-
methanimine and Co(ID) hexa-methanimine complexes, and also examine some of their 
properties, reactivities and synthetic potential. 
Section Three: Larger Cavity Cages 
Cnhpters Five and Six investigate some octa methyl cobalt cage complexes 
([CorIIIll(Meg,tricosaneN6)]2+t3+). The syntheses, structures and properties of both 
Co(Ilj and Co(llI)octa methyl cage are discussed hi detail. Chapter1Sevenpresents the 
syntheses of the octa methyl cage free ligand• and a study of the· Cri(II) octa methyl cage. 
Section Four: Highly Charged Cage Systems 
Chapter Eight' addresses a study of some polymeric cage complexes and the 
synthesis, properties and reactivities including the··interaction with DNA, are mscussed. 
Chapter Nine focuses on highly charged cages with paraffin tails which have typical 
detergent properties and also demonstrate biological activity. 
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CHAPTER 
General Experimental 
2 . 1 Materials 
Commercial reagents, for synthesis, were used without further purification unless 
otherwise noted. 
AR grade acetonitrile, methanol and ethanol were dried for several days over 3 A 
molecular sieves prior to use. 
2.2 
2.2.1 
Milli-Q Reagent water was used for electrochemical and ESMS measurements. 
Distilled water was used for synthesis and ion exchange chromatography. 
Experimental Procedures 
Chromatography 
For column chromatography Bio-Rad analytical grade Dowex AG 50W-X2 (200 -
400 mesh, H+ form) and SP-Sephadex C-25 cation exchange resins, Silica Gel 60 (230 -
400 mesh) and Dowex AG 1-XS (200 - 400 mesh) anion exchange resin were used for 
complex desalting, separations and anion exchange respectively. All column dimensions 
are given as diameter by length in mm. 
Typical column dimensions for a synthesis based on 1 g of metal complex were 
50 mm by 500 mm for the Sephadex and Silica Gel columns and 20 mm by 60 mm for 
Dowex anion and cation exchange chromatography. Desalting refers to the operation of 
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removing the salt present in the eluant after Sephadex cat!on exchange chromatography. 
The eluant from the Sephadex column was loaded onto Dowex AG 50W-X2 cation 
exchange resin, which was washed with water, 1 M HCl, and then with successively 
higher HCl acid concentrations until the complex was removed. All evaporations were 
performed at reduced pressure (ca. 20 Torr) using Bilchi rotary evaporators and water 
aspirators and the temperature of the sample did not exceed 50°C. The last traces of 
solvent were removed under high vacuum.(ca. lQ-3 Torr). 
The Dowex 50W-X2 resin was normally cleaned by passing 6 M HCl or 1 : 1 
EtOH : 37% HCl solution through the resin in the column and then washed· thoroughly 
with water. If the resin was still contaminated, it was cleaned by adding hydrogen 
peroxide solution to a suspension in water, and adjusted to pH ca. 11 by adding sodium 
hyd.ro~ide. After standing for several hours the resin was then washed with sodium 
hydroxide solution (pH= 11) and finally washed thoroughly with water. 
The H+ form of Dowex 50W --X2 cleaned .resin was prepared by passing ca. two 
bed volumes of 1 M HCl through the resin on the column followed by washing with 
water thoroughly. 
The Na+ foi:m of the Dowex 50W-X2 resin was obtained by passing ca. two bed 
volumes of 1 M NaCl through the resin (H+ form) in the column and thoroughly washing 
with water. 
The SP-Sephadex C-25 cation exchange resin was usually cleaned and converted 
to the Na+ form by passing 5.M NaCl solution through the resin in the C?lumn and then 
washed thoroughly with water. If the resin was still very dirty, the peroxide cleaning 
procedµre described for the Dowex 50W-X2 was applied. 
The ~1- form of Dowex 1-X8 anion exchange resin was prepared by passing ca. 
two bed volumes of 1 M NaCl solution through the resin in the column and then washed 
thoroughly with water. 
The acetate form of the Dowex 1-X8 anion exchange resin is obtained by 
conversion of the Cl· form to the carbonate form using saturated Na2C03 solution, 
followed by neutralisation with glacial acetic acid and washing with water. 
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Complex acetates w.ere prepared by passing an aqueous solution of the chloride 
salt through the acetate form of the Dowex l - X8 resin. 
2.2.2 
.2.2.2.1 
Kinetic Studies 
Preliminary Studies 
A preliminary kinetic study of a redox reaction was undertaken using a split cell 
with the reaction rate monitored by a UVNis spectrophotometer. The oxidant was placed 
jn one half cell and the reductant in another half cell. After. a measurement was taken 
. prior to reaction, the solutions of the two cells were mixed and-a series of measurements 
.were made at recorded times. The reaction rate constant was then determined from the 
rate of absorbance change. 
2.2.2.2 Stopped Flow Method 
Fast kinetic experiments were conducted with an Applied Photophysics SF 17 MV 
stopped flow spectrophotometer. The oxidation or reduction of M0 + species was 
followed at different wavelengths by observing the appearance or disappearance of the 
participating species. All solutions were saturated with dinitrogen or argon for 30 
minutes prior to use and the experiments were carried out as quickly as possible. The 
sample handling unit of the stopped flow spectrophotometer was enclosed within a glove 
, bag filled with a dinitrog~n. 
2.2.2.3 Electron Self-Exchange Rates 
An important component involved in the oxidation-reduction reactions is the 
electron transfer step. Electron transfer processes have generally been classified into two 
basic mechanisms involving inner- and outer-sphere pathways. The outer-sphere 
pathway essentially involves the transfer of "charge and small amplitude motions of 
coordinated and neighbouring solvent nuclei, while the inner-sphere pathway requires 
that bond making and bond breaking accompany the electron transfer. The CoN6 cage 
complexes are substitutionally stable in both Co(II) and Co(III) states, and oxidation-
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reduction reactions of these complexes therefore involve outer-sphere pathway electron 
transfer. 
Symmetrical reactions, in which the ligands are identical (except for conformation 
changes), are typically called self-exchange reactions and may be represented as: 
(1) 
For electron transfer reactions in which the ligands are different, the Marcus cross 
relation[ I] expresses the rate constant ki2 in terms of those for the two self-exchange 
reactions, (3) and (4), of the reacting species: 
A++ B ~A+ B+ (2) 
kll (3) 
(4) 
According to the theoretical treatment of Marcus[2,3] and Hush[4,5,6], the 
following relationships apply: 
(5) 
logf12 = (6) 
log K12 = 16.913 ~ (at25°C) (7) 
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An unknown self-exchange rate constant k1 l may therefore be predicted from the 
known self-exchange rate constant k12, the rate constant k12 and the equilibrium constant 
K12• The collision frequency Z is usually fixed at 1011 M-ls-1.[7,8] 
2.2.3 
2.2.3.1 
Electrochemistry 
Equipment 
The electrochemical studies were carried out with a computer interfaced BAS 100 
electrochemical analyser. 
2.2.3.2 Electrochemical Cell 
Cyclic voltammograms were measured by using a standard three-electrode 
configuration electrochemical cell. The working electrode was a freshly polished glassy 
carbon (3 mm diameter), gold (1.5 mm diameter), platinum (l.5 mm 3iameter) or Edge-
plane Pyrolytic Graphite (EPG) (6.5 mm diameter) disc, the auxiliary electrode was a 
platinum wire and the reference electrode was a saturated calomel electrode (SCE, KCl) 
for the measurements in aqueous solution or Ag/AgCl/TBAT (TBAT: tetra(l-
butyl)ammonium trifluoromethanesulphonate) electrode for the measurements in non 
aqueous solution. TBAT was recrystallised using a previous procedure.[9] 
A mercury pool or a gauze platinum basket was employed as the working 
electrode for bulk electrolysis experiments (controlled potential coulometric 
measurements). The solutions were 0.01 - 0.02 M in complexes and 0.1 M in 
electrolytes (KCl, NaCl or 0.05 M HCl + 0.05 M NaCl). The electrolyses were 
performed under a blanket of dinitrogen. 
A salt bridge containing the solvent and electrolyte used in the working 
compartment separated the reference electrode from the solution in that compartment. 
2.2.3.3 Procedures 
Measurements were typically made with ca. 1 mM solutions of the sample in 0.1 
M NaCl and 0.05 M HCl + 0.05 M NaCl electrolyte solutions which were degassed with 
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high purity nitrogen gas for at· least 10 min and then blanketed with a cover of nitrogen 
gas during the course of the experiments. The solvent and supporting electrolyte solution 
was scanned to its cathodic and anodic limits prior to addition of the electroactive species, 
to check for the presence of extraneous waves. No background redox waves were 
observed in the typical potential range used for the measurements ("': J to - 1 V ".'S SCE). 
All potentials were measured under a nitrogen atmosphere at a scl:Ulxate of 100 mV/s and 
temperature of 20 ± 1 ° .. Potentials are reported relative to the saturated calomel electrode 
(SCE, 241 mV vs SHE) or the Ag/AgCl/TBAT electrode (199 mV vs SHE). 
2. 2. 4 Crystal Structure Determinations 
Single crystal X-ray structure analyses of [Co(CH2)3-sen](ZnCl4)Cl·2.7H20, 
[Co((CH2h-en)31(ZnCl)1s2H20, [Cq((CH2)3-tame)i](ZnCl4)Cl·3H20, 
[Co(CsH20N 4)Cl2]Cl ·O. 75H20, [Co11(Mes".tricosaneN6) ](N03)2· H20, [Coll(Mes-
tricosaneN 6HZnCl4, [CoIIl(Mes-tricosap.eN6)](N03)3·SH2.0 and [CoIIl(Mes-
tricosaneN6)]ZnCls were carried out by Dr. Anthony C. Willis at the Australian National, 
University. 
An X-ray structure analysis of [Co(C13H30N~QS3Cl)J(Cl04)3·4H20 was 
determined by Dr. Rita G. Hazel and Dr.Finn, K. Larsen at the Chemistry Instit1:1te, 
Aarhus University, Denmark. 
The crystal ciata for each complex~reeither given· in the appropriate chapter or in 
the Appendix. 
2.2.5 Trifluoromethanesulf onate ( t:riflate) Salts 
Triflate salts of metal complexes were often exploited because of their high 
solubilities in organic solvents and weak ion association in. both solution and solid states. 
They were usually prepared by dissolving the chloride salt of the metal complex ( - 3 g) in 
distilled CF3S03H in a two-necked round-bottom flask (- 25 ml) fitted with a gas 
bubbler. Freshly distilled CF3S03H (- 7 ml) was cautiously added under dry nitrogen 
gas to give a concentrated solution of the complex. A steady stream of nitrogen gas was 
Chapter Two 35 
passed through the solution to remove gaseous hydrogen chloride at ca. 20°C. After 
evolution of HCI had ceased (about 1 hour, checked by passing the effluent gas through a 
solution of AgN03 solution), the gas flow was discontinued and the solution was 
carefully added to vigorously stirred diethyl ether. The resulting precipitate was collected 
by filtration, washed thoroughly with diethyl ether- -and dried -under vacuum. 
Alternatively, the triflate salts were prepared by passing an aqueous solution of the 
chloride salt through an anion-exchange column in the triflate form. 
2.2.6 
2.2.6.1 
Electrospray Mass Spectrometry (ESMS) 
Introduction 
Electrospray mass spectrometry (ESMS) is a comparatively new method of 
transferring pre-existing ions from solution to the gas phase, where they may be 
examined by conventional mass spectrometric techniques.[10] ESMS may allows large 
and labile molecules to be analysed routinely and has been successfully used in 
biochemical studies. The sample, in solution, emerges from a high voltage capillary tube 
into a strong electrostatic field at atmospheric pressure producing an aerosol of highly 
charged droplets. Evaporation of solvent from these droplets results in sample ions. A 
schematic drawing of the ionisation components are depicted in Figure 1. [ 11] 
36 
Stainless Steel Capillary 
(4.0-4.5 kV) 
Chicane Counter 
Electrode (0.3-0.5 kV) 
[HV Lens] 
Chapter Two 
Source Vacuum 
1x10-4mb 
Skimmer 1 
(Bl) [Cone] 
Analyser Vacuum 
1x10-5 mb 
Lens Stack 
Figure 1. Schematic Drawing of the Ionisation Technique in ESMS. 
2.2.6.2 Equipment and Procedures 
ESMS spectra were measured by the Australian National University Mass 
Spectrometry Service. The spectra of the samples were determined using a Fisons 
Instruments, VG Quattro II triple quadrupole mass spectrometer with a dedicated 
electrospray ionisation source. The cone voltages were varied from 15 to 100 V. 
Typically, a sample (0.1 mg) was dissolved in water or water methanol mixture (1 ml). 
2. 3 Physical Measurements 
2. 3. 1 NMR Spectra in Solution 
lH-, 13C-;, 3lp_, and 59Co-NMR spectra were recorded at 20°C using either 
Varian Gemini 300 MHz, Varian VXR 300 MHz or Varian VXRS 500 MHz FT NMR 
spectrometers with samples in D20, CDCl3, DMSO-d6, CD30D, CD3CD20D or 
CD3CN. Chemical shifts of samples in D20 were measured relative to 1,4-dioxane at 3.7 
ppm (relative to TMS) for lH NMR spectra and 67.4 ppm (relative to TMS) for 13C 
NMR spectra. Chemical shifts of samples in CDC13 were measured relative to 
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chloroform at 7.24 ppm (relative to TMS) for lH NMR and 77.0 ppm (relative to TMS) 
for 13C NMR spectra. Chemical shifts of samples in DMSO-~ were measured relative to 
DMSO at 2.5 ppm (relative to TMS) for 1H NMR and 39.5 ppm (relative to TMS) for 
13C NMR spectra. Chemical shifts of samples in CD3CN were measured relative to 
acetonitrile at 1.93 ppm (relative to TMS) for lH NMR and 1.3 ppm (relative to TMS) for 
13C NMR spectra. 
Additional peak assignments were made using Distortionless Enhancement by 
Polarization Transfer (DEPT) spectra (for CH, CH2, CH3) with Dl = 2, Attached Proton 
Test (APT) spectra with D2 = 0.004 seconds for quaternary carbon (C) and Jett> 125 
Hz, and D2 = 0.007 seconds for C, CH, CH2, CH3, and also by analogy with known 
shift data for complexes containing similar chromophores. 
In some instances, 2-D experiments were undertaken to aid the assignment of 
signals. For example Homonuclear Chemical Shift COrrelation SpectroscopY (lH-lH 
COSY), HETeronuclear CORrelation Spectroscopy (13C-1H HETCOR)and also HMQC 
(IR-detected Heteronuclear Multiple-Quantum Coherence) are useful for assigning bond 
connectivity from direct coupling effects, and HMBC (IR-detected Multiple-Bond 
heteronuclear multiple-quantum Coherence) is a powerful method for the detection of 
long-range coupling. 
For the diamagnetic samples, concentrations were typically 20 - 30 mg in 0.5 ml 
of solvent. The number of transients typically varied from 16 to 32 for lH spectra and 
300 to 500 for 13C spectra. The first delay time (D 1) was normally 0.2 seconds for I H 
spectra and 0 seconds for 13C spectra. 
For the paramagnetic samples, concentrations were typically 2 - 10 mg in 0.5 ml 
of solvent. The number of transients varied from 64 - 128 for lH spectra and the first 
delay time (DI) was typically 5 seconds for lH spectra. The Spectral Widths (SW) were 
about 100000 Hz for these samples. 
2.3.2 Solid State NMR Spectra 
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The 13C and 59Co Magic Angle Spinning (MAS) N~.spectra in the solid state 
were earned out by Dr. John Hanna at the Division of Coal and Energy Technology, 
CSIRO, North Ryde, Sydney. 
2. 3. 3 Electronic Spectra 
Electronic spectra were recorded with a HEWLETT PACK.ARD 84SO A UV NIS 
Spectrophotometer or a Cary SE UV-Vis-NIR Spectrophotometer. Molar absorptivity(£) 
values,are quoted in units 9fM-lcm-1. 
2.3,4 Solid State Diff~se Reflectance Spectra 
The solid state diffuse reflectance spectra were measured with a Cary SE UV -Vis-
~ Spectrop,hotome,ter u.sing powdered samples and the.absorbance scale is arbitrary. 
2.3 •. 5 .Infra-red (IR) Spectra 
Fourier transform infrared spectra in KCl pellets were recorded with. PERKIN-
ELMER 680 and PERKIN-~R \800 spectrophotometers. 
2.3.6 Electron Spin Resonance Spectrometry (ESR). 
ES.R spectra were measured by Dr'. Richard Bramley at the Research School of 
Chemisgy, ANU using powdered,solipsamples and 1:2 DMF:.water glass solution. The 
spectra were recorded on Jeol JES-PE (X-band) or Varian V-4S02-1S (Q-band) 
instruments. For low-temperature measurements, the Jeol instrument was equipped with 
an Oxford Instruments ESR9 heliuiµ flow cryostat and a model DTC2 temperature 
controller; 
2.3.7 Circular Dichroism (CD) 
CD spectra were obtained with a CD6 Dichrograph Unit spectropolarimeter. 
2.3.8 Optical Rotatory Dispersion (ORD) 
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Optical rotations were measured with a PERKIN-ELMER 241 Polarimeter. 
2.3.9 Elemental Microanalysis 
Elemental microanalyses were performed by the ANU Microanalytical Services 
Unit. 
2.4 Syntheses 
Caution! Perchlorate salts of transition metal complexes are known to be 
potentially explosive under conditions of mild shock and heat. and the appropriate 
precautions should be taken. However, no problems were encountered with the materials 
studied here. 
2.4.1 Ethylidynetris(methyl)tris(benzensulfonate) 
Ethylidynetris(methyl)tri(benzensulfonate) was prepared by a procedure described 
previously.[12] To a solution of 1.1.1-tris(hydroxymethyl)ethane (4.19 mol, 504 g) in 
pyridine (2.4 L), benzenesulfonyl chloride (15.05 mol, 1.92 L) was added slowly over 6 
hours at a temperature between 5 and 10°C (ice bath). After removal of the ice bath, the 
reaction mixture was stirred for 24 hours at ca. 20°C. The mixture was then slowly 
stirred into a solution of water (4 L), methanol (8 L) and 37% HCl (3.5 L). The granular 
white solid was filtered off, washed with water until pH - 6 - 7, then washed with a little 
methanol, and diethyl ether and dried in air. 
2. 4. 2 4,4' ,4" -Ethylidynetris(3-azabutan-1-amine ), sen 
Sen was prepared as described previously.[13] The ethylidynetris(methyl) 
tris(benzensulfonate) (540 g) was dissolved in dry 1,2-ethanediamine (5 L, refluxed for 1 
hour over KOH and then distilled). This solution was refluxed for 48 hours, cooled and 
then evaporated using a rotary evaporator to a brown oil. The oil was diluted with water 
(20 L) and treated with HCl until pH - 3. The solution was sorbed on a cation exchange 
resin column (Dowex 50W-X2, H+ form). The column was washed with water (5 L), 1 
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M HCl (5 L) and 2 M HCl {5 L) and finally the desired compound was eluted with 4 M 
HCl (20 L). The eluate was evaporated to near dryness using a cyclone evaporator and 
the desired compound was crystallised by the slow addition of AR ethanol. The white 
solid was collected, washed with some cold ethanol and diethyl ether, and dried in the air. 
Yield 184 g. lH NMR (ppm, dioxane at 3.7 ppm) in D20: o L38 (s, 3H, CH3); o 
3.4135, 3.4373, 3.4556, 3.4776, 3.4959 (18H, CH2). 13C NMR (ppm, dioxane at 
67.4 ppm) in D20: o 18.96 (CH3); o 36.23 (NH2CH2); o 37.18 (qC); o 46.74, 52.98 
(NHCH2). Anal Calcd for C11H30N6·6HCl: C, 28.40; H, 7.80; N, 18.06. Found: C, 
27.79; H, 7.68; N, 17.04. 
-
2.4.3 Tris( 1,2-ethanediamine )cobalt(Ill) Trichloride Tetrahydrate, 
[Co(en)3]Cl3·4H20 was prepared as described previously.[14] 1,2-
Ethanediamine (220 ml) was diluted with water to 500 ml and concentrated HCl (86 ml, 
36%) was added. A solution of CoCJi·6H20 (238 g) in water (450 ml) and activated 
charcoal (ca. 20 g) were then added with stirring. After bubbling air through the solution 
and vigorously stirring for two hours, the charcoal was removed by filtration. The filtrate 
was evaporated using a rotary evaporator until crystallisation·commenced. ·some ethanol 
was added to this mixture while stirring and it was then cooled in an ice bath. Small 
orange crystals were collected, washed with methanol and ether, and dried in air. 1 H 
NMR (ppm, dioxane at 3.7 ppm) in D20: o 2.76 and 2.84 (d, 12H, CH2). 13C NMR 
(ppm, dioxane at 67.4 ppm) in D20: o 45.53 (CH 2). Anal Calcd for 
CoC6H24N6Cl3·4H20: C, 17.25; H, 7.72; N, 20.12. Found: C, 17.06; H, 7.24; N, 
19.53. 
2.4.4 Tris(l,2-ethanediamine )cobalt(Ill) Trichloride Monohydrate, 
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[Co(en)J]Ch·4H20 was dehydrated by heating for 17 hours at 145°C under 
vacuum. Anal Calcd for CoC6Hu.N"6Ch·H20: C, 19.82; H, 7.21; N, 23.11. Found: C, 
19.43; H, 7.42; N, 22.47. 
2. 4. 5 Tris(l,2-ethanediamine )cobalt(lll) ___ Tris(trifl_uoromethane-
sulfonate) Monobydrate, [Co(en)3](CF3S03}3•H20 
[Co(en)J](CF3S03}J·H20 was obtained as described in a general procedure 
described earlier for triflate salts. Anal Calcd for CoC6H2.iN6Cl3·(CF3S03h·H20: C, 
15.35; H, 3.72; N, 1 l.93. Found: C, 1532; H, 3.39; N, 11.93. , - -C 
2 .4. 6 (1,8-Dinitro-3,6,10,13,16,19-hexaazabicyclo[ 6.6.6]icosane )· 
cobalt(III) Trichloride Monohydrate, [Co((N02h·sar)]Cl3•H20 
[Co((N02)z-sar)]Cl3·H20 was prepared as described previously.[15] 
[Co(en)3]Cl3·4H20 (501.0 g, 1.2 mol) and nitromethane (508 ml, 9.4 mol) were 
dissolved in water with stirring. Aqueous HCHO solution (3.9 kg, 37%) and Na2C03 
(244g, 2.3 mol) were added. After stirring overnight, the small orange crystals were 
collected by filtration and redissolved in a small amount (1.5 L) of hot 3M HCL To this 
dark-orange solution, ethanol (4.5 L) was added and the mixture was stirred and cooled 
in an ice bath. The small orange crystals obtained were collected and washed with some 
ethanol and ether and dried in air. Yield 529 g (79% ). BC NMR (ppm, dioxane at 67.4 
ppm) in 0 20: o 51.94 (cap-CH2); o 56.62 (en-CH2); o 87.39 (quaternary C). Anal 
Calcd for CoC14H30Ns04Cl3·H20: C, 30.15; H, 5.78; N, 20.08. Found: C, 29.87; H, 
6.06; N, 19.93. 
2.4. 7 (1,8-Diammonio-3,6,10,13,16,19-hexaazabicyclo[6.6.6]-
icosane )cobalt(III) Pentachloride Monobydrate, [Co( (NH3)2-sar)] Cls· H20 
[Co((NH3}z-sar)]Cl5·H20 was prepared ~s described previously.[15] 
[Co((N02h-sar)]Cl3·H20 (80.0 g, 0.143 mol) was dissolved in water (4 L) and the 
solution was degassed with dinitrogen. Under a N1 blanket and with vigorous stirring, 
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zinc dust (110 g) was added, followed by dropwise addition of concentrated HCl (550 
ml, 37%) to form a green solution. After another hour of stirring, the, reaction mixture 
was treated with 30% H202 ( 100 ml) and the solution was heated on a steam bath for ca. 
two hours to form a orange solution. The cooled solution was sorbed on a Dowex 50W-
X2 column (H+ form), desalted and the complex eluted with 3 M HCL .. The volume of the 
eluate was then reduced under vacuum until crystallisation commenced. The orange 
crystals were collected by filtration and recrystallised after dissolution in warm 1 M HCl, 
addition of ethanol to the point of tur:bidity, and slow cooling. The crystals were 
collected and washed with ethanol and diethyl ether, and dried in air; Yield73·g(89%). 
lH NMR (ppm, dioxane at 3.7 ppm) in 0 20: o 2.9 (m, 12H, CH2); o 3.5 (m, 12H, 
-
CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in 0 20: o 51.91(cap-CH2);o55.61 (en-
CH2); o 57.10 (quaternary C) . Anal Calcd for CoC14H36NsCls·H20: C, 29.46; H, 
6.71; N, 19.63. Found: C, 29.30; H, 6.82; N, 19.72. 
2.4.8 (1,8-Diamino-3,6,10,13,16,l9-hexaazabicyclo[6.6.6]icosane) 
cobalt(llI) Triacetate Monohydrate, [Co((NH2h-sar)](CH3C02h·H20 
[Co((NH2)2-sar)](CH3C02h·H20 was obtained by the general procedure for 
acetate salts described earlier. lH NMR (ppm, dioxane at 3.7 ppm) in 0 20: o 1.91 (s, 
9H, CH3C02); o 2.3286 and 2.3744, 2.9877 and 3;0335 (dd, 12H, J 13.7Hz, CH2); o 
2.6325 and 2.6618, 3.1800 and 3.2089 (dd, 12H, J 8.8Hz, CH2). 13C NMR (ppm, 
dioxane at 67.4 ppm) in 0 20: o 23.64 (CH3C02); o 55.87 (CH2); o 55.94 (CH2); o 
57.08 (quaternary C); o 182.11 (CH3C02). Anal Calcd for 
CoC6H34Ns·(CH3C02h·H20: C, 42.25; H, 7.98; N, 19.71. Found: C, 41.95; H, 
8.35; N, 19.20. 
2.4.9 4,4' ,4" -Ethylidynetris(3-azabutan-1-amine )cobalt(III) 
Trichloride Mono-hydrate, [Co(sen)]Cl3•H20 
[Co(sen)]Ch·H20 was prepared from sen·6HC1 as described previously with 
some experimental conditions varied.[13] LiOH·H20 (67,7 g, 1.6 mol) was dissolved in 
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AR methanol (700 ml). Sen·6HC1 (150 g, 0.32 mol) was then added with stirring, and 
formed a light pink solution. Separately, CoCii (43.2 g, 0.33 mol) was dissolved in AR 
methanol (800 ml). The latter solution was added slowly to the former with stirring and 
air was then bubbled through the mixture. After stirring at ca. 20°Cfor 3 ciays, the large 
amount of yellow solid produced was filtered off and washed three times with methanol, 
then with diethyl ether and dried in air. Yield: 113.2 g (82% ). 
In the next step the by-products of the above reaction were equilibrated using 
surface active charcoal to form additional [Co(sen)]Cl3. The above filtrate was 
evaporated to about 200 ml and activated charcoal (15 g) wasadded. This mixture was 
heated on a steam bath for 8 hours anci evaporated to dryness. The reaction mixture was 
extracted with water (500 ml) and filtered to remove charcoal. The filtrate was then 
sorbed onto a Dowex 50W-X2 column (40 x 150), desalted and the product was eluted 
with 3 M HCI. The 3 M HCl eluate was evaporated to near dryness (50 ml), and yellow 
solid was precipitated upon slow addition of ethanol. The complex. was washed with 
ethanol several times and then with ether. Yield 7.5 g. The total yield of [Co(sen)]Cl3: 
120.7 g (88 %). lH NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: o 0.91 (s, 3H, 
CH3); o 2.4 (doublet, 3H, cap CH2); o 2.7 (triplet, 6H, en CH2); o 3.0 (triplet, 6H, en 
NH2CH2); o 3.2 (s, 3H, cap CH2); o 4.82 and 4.93 (s, 6H, amine NH2); o 6.80 (s, 
3H, aza NH). 13C.NMR (ppm, dioxane at 67.4 ppm) in 0.1 M DCl: o 20.38 (CH3}; o 
43.61 (NH2CH2); o 55.27, 57.70 (cap CH2, en NHCHz). Anal Calcd for 
CoC11H30N6CiJ·H20: C, 30.74; H, 7.51; N, 19.56; Cl, 24.75. Found: C, 30.61; H, 
7.58; N, 18.83; Cl, 25.27. 
2.4.10 4,4' ,4"-Ethylidynetris(3-azabutan-1-amine)cobalt(Ill) 
Tris(trifluoromethanesulfonate), [Co(sen)](CF3S03)3 
[Co(sen)](CF3S03) 3 was obtained by the general procedure for triflate salts 
described earlier. Anal Calcd for CoC14H30N6·(CF3S03)3: C, 25.89; H, 3.83; N, 
10.66. Found: C, 25.18; H, 3.92; N, 10.03. 
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2. 4 .1 t · Recrystallisation of tetra(l-butyl)ammonium Trit1ate, TBAT 
· Recrystallisation.ofnB~CF3S03 . followed apreviousprocedure.[16] The 
crude solid nBu~CF3S03 (50 g) was dissolved in methylene chloride (150 ml) and any 
insoluble solid was filtered off. To the filtrate, diethyl ether (150 ml) was added slowly. 
The solution mixture was cooled in an acetone-dry ice bath and more diethyl ether was 
added when white crystals formed. The white crystals were collected and washed with 
diethyl ether. The purity was checked electrochemically by the observation of a quiet 
base line. for the. s·ample in solution .. · 
... ; 
2.4.12 Ethylidynetris(niethanatnine) Trihydrochloride, tame·3BCI 
Ethylidynetris(methyl)tris(benzensulfonate) (500 g) was dissolved in liquid NH3 
(ca. 3 L)i'n a 4 L Teflon vessel and heated in a high-pressure stainless steel autoclave (4 
L capacicy) at 125°C (90 - 100 atm.) for 18 hours. After allowing the autoclave to cool to 
ambient temperature, the NH3 was removed through a valve connected to an efficient 
water aspirator. The mixture was dissolved in water (2 L) and cone. HCl (ca. 250 ml) 
was slowly added with stirring until the solution was about pH 3. The above procedure 
was repeated and both solutions were sorbed onto a cation exchange column (Dowex 
50W-X2, H+ form, 130 x 720). The columri was washed with water (10 I::.) and 0.5 M 
HCl (10 L), and the tame was el'uted'with 2 M HC1(25 L)~ The eluate was evaporated 
using a large rotary evaporator at 60 to 65°C to near dryness (- 1 L) and AR methanol (-
2 L) was added until no more solid formed. The white solid was collected, washed with 
AR methanol 3 times, then with ether and dried in air. Yield 394.2 g (47%). 13C NMR 
(ppm, dioxane at 67.4 ppm) in D20: o 17.85 (CH3); o 36.13 (qC); o 43.56 (CH2). 
Anal. Cale. for CsH1sN3·3HCl: C, 26.51; H, 8.01; N~ 18.55; Cl, 46.94. Found: C, 
26.46; H, 8.15; N, 18.20; Cl, 47.19. 
2.4.13 Bis(ethylidynetris(methanamine))cobalt(III) Trichloride 
Monohydrate, [Co(tameh]Ch·H20. 
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LiOH·H20 (524.25g, 12.5 mol) was dissolved in AR methanol (8 L) in a 20 L 
bucket with stirring and then tame·3HC1 (1132.53 g, 5.0 mol) was added. CoC12 (324.6 
g, 2.5 mol) was dissolved in AR methanol (7 L) in another 10 L bucket and added slowly 
to the first solution. The mixture was stirred in the open bucket for 5 days at ca. 20°C 
and the solvent was evaporated to ca. 5 L volume. The orange product produced was 
collected, washed with AR methanol until the eluate was colourless and then washed with 
ether, and dried in air. Yield 998.6 g (98%). lH NMR (ppm, dioxane at 3.7 ppm) in 
D20: o 0.81 (s, 6H, CH3); o 2.41 (t, 12H, CH2); o 4.9 (NH2). 13C NMR (ppm, 
dioxane at 67.4 ppm) in D20: o 21.36 (CH3); o 38.79 (qC); o 45:93 (CH2). Anal. 
Cale. for CoC10H30N6·H20: C, 28.76; H, 7.72; N, 20.12; Cl, 25.46. Found: C, 29.10; 
H, 7.50; N, 19.68; Cl, 25.28. 
2. 5 References 
[1]. R.A. Marcus", Discuss. Faraday Soc., 29, 21 (1960). 
[2]. R.A. Marcus, J. Chem. Phys., 24, 966 and 979 (1956). 
[3]. R.A. Marcus, J. Phys. Chem., 90, 3460 (1986). 
[4]. N.S. Hush, Z. Elektrochem., 61, 734 (1957). 
[5]. N.S. Hush, J. Chem. Phys., 28, 962 (1958). 
[6]. N.S. Hush, Trans. Faraday Soc., 57, 557 (1961). 
[7]. R.A. Marcus~Annu. Rev. Phys. Chem., 15, 155 (1964). 
[8]. P. Bernhard and A.M. Sargeson, J. Chem. Soc., 26, 4122 (1987). 
[9]. S. Brownstein, J. Bomais, and G. Latremouille, Can. J. Chem., 56, 1419 (1978). 
[10]. R. Colton, A.D. Agostino, and J.C. Traeger, Mass Spectrom. Rev., 14, 79 
(1995). 
[11]. VG Quattro II, User's Guide, Fisons Instruments. 
[12]. E.B. Fleischer, A.E. Gebala, A. Levey, and P.A. Tasker, J. Org. Chem., 36, 
3042(1971). 
[13]. R.J. Geue and G.H. Searle, Aust. J. Chem., 36, 927 (1983). 
46 Chapter Two 
[14]., D.M. ~dams and J.B.,. Raynor, Advanced Proctical Inorgainc Chemistry, John 
Wiley & Son&, London, 1965. 
' . ,- ~ . 
[15]. R.J. Geue, T.W. Hrul}l>ley, J.M. Harrowfield, A.M. Sargeson, and M.R. Snow, 
J. A,m. Chem. Soc., 106, 5478(1984). 
[16]. S. Brownstein, J. Bomais, and G. Latremouille, Can. J. Chem., 56, 1419(1978). 
Section II 

CHAPTER 
Synthesis, Structure, Reactivity and Properties of 
[Co(CH2)3-sen]3+ 
3. 1 Introduction 
47 
The [Co(sen)]3+ ion was first reported by Sameski and Urbach in 1971,[1] who 
examined its synthesis, properties and stereochemistry. They found that the complex had 
quite similar structural and spectroscopic properties, such as its electronic spectroscopy 
and metal coordination sphere, to the classic hexaamine complex [Co(en)3]3+. 
One interesting development of its chemistry over the last twenty years is that the 
/ 
complex has been demonstrated to be an important template in the h ·. amine cage 
chemistry.[2,3] Under basic conditions in aqueous solution, [Co(sen)]3+ ion reacts with 
formaldehyde and a tribasic acid, such as ammonia or nitromethane, to give bicyclic cage 
compounds very efficiently. One such example is depicted in Scheme 3.1. In this 
reaction, the template [Co(sen)]3+ ion reacts with formaldehyde and nitromethane in water 
with the base Na2C03 as catalyst. There are two possible mechanisms for the first step 
and both of them lead to the fully capped cage complex [Co(Me,N02)-sar]3+ which has 
different groups at the apical positions. 
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Scheme 3.1. Possible Reaction Mechanisms for the Condensation of [Co(sen)]3+ with 
Nitromethane and Formaldehyde under Basic Conditions in Aqueous Solution. 
More recent work has shown that the metal ion encapsulation reactions can be 
conducted more efficiently in some non-aqueous solvents, and it has been found that 
under such conditions much weaker tribasic acids can be used as effective capping 
-d 
reagents. For example, everi'~ruvate imine complex,[4] PH3,[5] AsH3,[6] acetaldehyde 
I\. 
and propanal,[7] diethyl malonate,[8] and N-alkylated 4-picoline and methylquinoline 
derivatives[9] have been used to make these types of bicyclic cages. Another recent 
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example is displayed in Scheme 3.2, which shows a mechanism for the capping reaction 
of the [Co(sen)]3+ with acetophenone in the presence of base-and paraformaldehyde in 
acetonitrile. [ 17] 
Scheme 3.2. Condensation of Acetophenone and Formaldehyde with [Co(sen)]3+ in 
Acetonitrile at ca; 20°C. 
::.i- In both aqueous and non-aqueous situations, formaldehyde is one of the 
reactants. It seems that the most·likely mechanism for the metal encapsulation involves 
the immediate condensation of the template [Co(sen)]3+ with formaldehyde. It is 
therefore interesting to discover what happens when only [Co(sen)]3+ and formaldehyde 
are present under similar conditions. Such a study could improve our understanding _of 
the mechanism for formation of the cages. If the coordinated imines can be pre-formed 
and isolated, it would also be interesting to investigate the stability of these imines, their 
structures, activities and other properties. 
In this chapter, the coordinated methanimine [Co(CH2h-sen]3+ is synthesized and 
used as a template for capping with various acetyl reagents and other tribasic acids. In 
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this manner, photoactive, aromatic substituents and other useful groups including long 
aliphatic chains may be tied to the cage by a direct self-assembly process. 
3.2 
3.2.1 
Experimental 
Syntheses 
Caution! Perchlorate salts of transition metal complexes are known to be 
potentially explosive under conditions of mild shock and heat, and the appropriate 
precautions should be taken. 
3.2.1.1 ( 6, 6', 6". E thy lidynetris(2,S -dia~a-hex -1-ene) )cobal t(III) 
Trichloride Trihydrate, [Co(CH2h·sen]Cl3·3Hi0 
To a solution of NaCl04 (180g) in acetonitrile (1080 ml) [Co(sen)]Cl3·H20 
(0.096 mol, 41.2g) was added and stirring was maintained for 30 min. The yellow 
suspension/solution was added with paraformaldehyde (6.48 mol, 97%, 202.3g) and 
then treated with triethylamine (72 ml). The colour instantly changed from yellow to 
purple. After stirring vigorously for two minutes, the reaction was quenched with 400 ml 
of CH3COOH. After filtering and washing.the remaining solid with 0.5 M HCI .• the 
solution was sorbed onto a 75 x 400 Dowex 50W-X2 column (ti+ fprm) and desalted. 
The complex was eluted with 3M HCl and the eluate was evaporated to dryness. The 
red-brown solid was recrystallised from a minimum of 0.5 M. HCl Qy adding methanol 
slowly to point of the turbidity, and standing. Yellow crystals were collected, washed 
with methanol and diethyl ether, and dried in air. Yield 47.1 g (98.%). lH NMR (ppm, 
dio;xane at 3.7 ppm) in 0.1 M .DCl: o 1.0 {s, 3H, CH3); o 2.5, 3.0 (d, 6H, J 14Hz, 
CH2); o 2.9, 3.1, 3.9, 4.2 (m, 12H, en CH2); 3 7.4, 8.0 {d, s, 6H, N=CHz). 13C NMR 
(ppm, dioxane at 67.4 ppm) in 0.1 M DCl: 3 20.53 (CH3); 3 43.61 (qC); 3 54.33, 
55.09, (cap CH2 and NH2CH2); 3 61.96 (N-CH2); 3 175.936 (N=CHz). UVNis 
(Amax (nm),£).. (M-1cm-1)) in 0.1 M HCl: £231 = 24300; £339 = 138; £456 = 134. Anal 
Calcd for CoC14H30N6Cl3·3H20: C, 33.51; H, 7.23; N, 16.75; Cl, 21.20; Co, 11.74. 
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Found: C, 33.91; H, 7.69; N, 16.99; Cl, 21.65; Co, 11.46. The structure of the 
complex was established by a single crystal X-ray crystallographic analysis. 
3 .2.1.2 (6,6' ,6" -Ethylidynetris(2,5-diaza-hex-1-ene))cobalt(llI) 
Trichloride Monohydrate, [Co(CH2h·sen]Cl3·H20. 
[Co(CH2)3-sen]Cl3·3H20 was dehydrated by heating at 120°C for 5 hours under 
vacuum. Anal Calcd for CoC14H30N6Cl3·H20: C, 36.10; H, 6.93; N, 18.04. Found: 
C, 36.25; H, 6.87; N, 18.14. 
3 .2 .1.3 (6,6' ,6" -Ethylidynetris(2,5-diaza-hex-1-ene))cobalt(III) 
Tris(trifluoromethanesulfonate), [Co(CH2h-sen](CF3S03)3. 
The triflate salt of [Co(CH2)3-sen]3+ was prepared by the general procedure 
described in Chapter Two from [Co(CH2)3-sen]Cl3·3H20 (2.8 g). Yield 4.42 g (100%). 
Anal Calcd for CoC14H30N6· (CF3S03)3: C, 25.89; H, 3.83; N, 10.66. Found: C, 
25.18; H, 3.92; N, 10.03. 
3.2.1.4 Reaction of [Co(sen)]C}J·H20 with Formaldehyde 
To a solution of NaCl04 (5 g) in acetonitrile (30 ml), [Co(sen)]Cl3·H20 (3 mmol, 
1.24 g) was added with stirring. Paraformaldehyde (90 mmol, 2.8 g) was added to the 
orange suspension and it was then treated with triethylamine (2 ml). The colour of the 
mixture instantly changed to red-purple. The reaction was quenched with 6 M HCl (3.5 
ml) after 20 min of vigorous stirring to give an orange mixture, which was diluted with 
water to 0.5 litre, and an insoluble white solid was filtered off and washed with water. 
The orange solution was sorbed onto a cation exchange resin column (Dowex, 50W-X2, 
H+ form, 20 x 200) and desalted. The complexes were eluted with 2 M HCI. Two 
bands barely separated and were collected. The remaining complexes on the column were 
eluted with 3 M HCl and NMR spectra indicated a complex mixture which was not 
immediately interesting, and they were discarded. 
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Band 1. [Co(CH2)3-sen]Cl3 
The first fraction, an orange solution, was evaporated to dryness and 
recrystallised from 1 M HCl solution by addition of ethanol. Yield 0.682 g ( 42% ). The 
NMR spectra indicated that it was [Co(CH2)3-sen]Ch. 
Band 2. (8-Metbyl-8·[2,5-diazahexyl]·l-oxa-3,6,10,13-tetraaza-
cyclotetradecane )cobalt(III) Tri chloride Dihydrate, 
[Co( oxa,Me )sen] Cl3·2H20. 
The second fraction, a peach red solution, was evaporated to ,dryness and 
recrystallised from water by addition of ethanol. Yield 0.30 g (20% ). 1 H NMR (ppm, 
dioxane at 3.7 ppm) in D20: o 0.92 (s, 3H, cap CH3); o 2.76 (s, 3H: N-CH3); o 2.163, 
2.191 and 2.911, 2.940 (dd, 2H, J 14Hz, ring cap CH2); o 2.304, 2.331 and 3.181, 
3.208 (dd, 2H, J 13.5Hz, ring cap CH2); o 2.409, 2.435 and 2.521, 2.547 (dd, 2H, J 
13Hz, arm cap CH2); o 2.6-3.6 (complex patterns, en CH2); o 4.105, 4.125 and 4.778, 
4.797 (dd, 2H, J lOHz, ether bridge CH2); O 4.156, 4.174 and 4.335, 4.354 (dd, 2H, J 
9Hz, ether bridge CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20.93 (N-
CH3); o 33.77 (CH3); o 42.15 (qC); o 45.35 (arm-cap CH2); o 47.37, 49.14, 52.80, 
54.33, 54.65, 56.40, 56.80 (en and ring-cap CH2); o 80.34, 80.75 (CH20CH2). Anal 
Calcd for CoC14H34N6Cl30·2H20: C, 33.38; H, 7.60; N, 16.68; Cl, 21.11; Co, 11.70. 
Found: C, 32.95; H, 7.84; N, 16.78; Cl, 20.78; Co, 11.46. 
3. 2 .1. 5 Reaction of [Co( CH2h-sen]3+ with Acetopbenone 
[Co(CH2)3-sen](CF3S03)3 (0.002 mol, 1.578 g), acetophenone (0.002 mol, 
0.25 g) and paraformaldehyde (0.01 mol, 0.3 g) were dissolved in acetonitrile (20 ml). 
To the solution, N,N-diisopropylethylamine (1 ml, 0.006 mol) was added with stirring. 
The colour of the solution instantly changed from bright yellow to very dark. After 
stirring for 4 hours at ca. 20°C the reaction was quenched by addition of 0.1 M HCl ( 100 
ml). The reaction mixture was filtered to remove excess solid paraformaldehyde, and the 
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filtrate (pH= 2) was sorbed onto a SP-Sephadex C-25 resin column (55 x 650). The 
column was washed with water and then eluted with 0.1 M potassium sulphate solution. 
Band 1. (1-Benzoyl-8-methyl-3,6,10,13,16,19.;.bexaazabicyclo 
[6.6.6]icosane)cobalt(III) Trichloride Monohydrate, 
[Co(By,Me)-sar]Cl3·H20. 
The first orange band was desalted using a Dowex 50W-X2 resin column, and 
after washing with 1 M HCl the complex was eluted with 4 M HCl solution. The eluate 
was evaporated to dryness, and the complex was recrystallised by dissolving the solid in 
small amount of water followed by the addition of ethanol. The product was dried in 
-
vacuum over P20 5• Yield 0.507 g (40%). lH NMR (ppm, dioxane at 3.7 ppm) in 0 20: 
o 0.88 (s, 3H, CH3); o 2.4-3.6 (complex patterns, 24H, CH2); o 7.4-7 .7 (complex 
patterns, 5H, Ar-H). 13C NMR (ppm, dioxane at 67.4 ppm) in 0 20: o 20.25 (CH3); o 
42.63 (Me-cap qC); o 52.02 (Me-cap CH2); o 55.09, 55.41, 55.56 (en and By-cap 
CH2); o 59.01 (By-cap qC); o 128.11 (m-phenyl CH), 129.76 (o-phenyl CH), 133.69 
(p-phenyl CH), 137.51 (phenyl C); o 202.80 (C=O). Anal Calcd for 
CoC22H3sN60Cl3·4H20: C, 41.29; H, 7.25; N, 13.13; Cl, 16.62; Co, 9.21. Found: C, 
40.88; H, 7.34; N, 13.03; Cl, 16.73; Co, 8.60. 
Band 2. (3-Benzoyl-10-methyl-1,5,8,12,16,19-hexaazabicyclo 
[8.6.4]icosane)cobalt(III) Trichloride Hydrate, 
[Co(3-By, lO-Me)ronsar]Cl3·3.SH20. 
The second fraction was desalted on a Dowex 50W-X2 resin column. After 
washing with water and 1 M HCI, the complex was eluted with 4 MHCL The eluate was 
evaporated to dryness by rotary evaporation. Yield 0.093 g (7.4% ). 1 H NMR (ppm, 
dioxane at 3.7 ppm) in 0 20: o 0.98 (s, 3H, CH3); o 1.37 (d, lH, CH); o 2.2-3.6 
(complex patterns, 24H, CH2); o 5.2, 5.6 (dd, 2H, methylene bridge CH2); o 7.5-8.1 
(5H, Ar-H). 13C NMR (ppm, dioxane at 67.4 ppm) in 0 20: o 19.90 (CH3); o 41.16 
(cap-CHCO); o 45.45 (qC); o 48.75, 48.93, 50.20, 51.59, 52.63, 53.39, 53.69, 
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57.32, 64.88 (en and cap CH2); o 82.36 (methylene bridge CH2); o 128.54 (m-phenyl 
CH), 130.15 (o-phenyl CH), 135.84 (p;.phenyl CH), 135.08 (phenyl C); o 199.82 
(C=O). Anal Calcd for CoC22H3sN60Cl3·3.5H20: C, 41.88; H, 7.19; N, 13.32; Cl, 
16.85; Co, 9.34. Found: C, 41.64; H, 6.88; N, 13.46; .Cl, 16.79; Co, 9.00. - -
Band 3. ( 4-Hydroxymethyl-4' -methyl-4" -methylene-4,4' ,4" -
ethyledynetris(3-azabututan-1-amine) )cobalt(III) Trichloride. 
The third fraction was sOFhea on a Dowex 50W-X2 resin column, the complexes 
were desalted: with water and 1 M HCl and eluted with 1.5 M HCl. Two orange bands 
formed. The first band was evaporated to dryness.. Yield 0.046 g. 1 H NMR (ppm, 
dioxane at 3.7 ppm) in D20: o 0.99 (s, 3H, cap-CH3); o 2.5 (s, 3H, CH3}; o 2.3"'."3.6 
(complex patterns, 18H; cap and enCH2); 5.2, 5.6 (dd, 2H, J 14Hz, CH20H), o 7.7, 
7.9 (dd, 2H, J 8Hz, N=CH:z). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20:04 
(CH3); a 39.60 (NH-CH3); a 46.14 (qC); 0 49.22, 52.01, 53.75, 56;87, 62.46, 64.2.8, 
64.87 (cap and enCH2); o 83;25 (CH20H); o 176.32 (N=CH2). 
Band- 4. - (8-Methyl-2-phenyl-3,6,10,13,·16,19-hexaazabicyclo-
[6.6.6]icos-2-ene)cobalt(III) Trichloride Dihydtate, 
[Co(2-Ph,2-ene,8-Me)sar]Cl3•2H20 
The second band of fraction three was evaporated to dryness. Yield 0.264 g 
(23%). lH NMR (ppm, dioxane at 3.7 ppm) in D20: o 1.00 (s, 3H, CH3); o 2.5-5.0 
(complex patterns, 22H, cage H); o 7.6 (m, SH, Ar-H). 13C. NMR (ppm, dioxane at 
67.4 ppm) in 0 20: o 20.94 (CH3); o 42.63 (methine. Cand qC); o 48.00, 48.96, 50.72, 
53.04, 53.21, 55.24, 55.58, 55.79, 56.48, 58.11-, 58.33 (cage CH2); o 129.15 (m-
phenyl CH), 130.19 (o-phenyl CH), 132.85 (p-phenyl CH), 134.19 (phenyl C); o 
189.88 (N=C). Anal Calcd for CoC21H36N6Cl3·2H20: C, 43.95; H, 7.03; N, 14.64. 
Found: C, 4j.67; H, 7.26; N, 14.50. 
3.2.1.6 Reaction of [Co(CH2h-sen]3+ with Acetylaldehyde 
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[Co(CH2)3-sen]Cl3·H20 (1mmol,0.448 g) and NaCl04 (1.7 g) were stirred in 
acetonitrile (10 ml). After acetaldehyde (9 mmol, 0.51 ml) was added, the suspension 
was treated with triethylamine (0. 7 ml) and vigorous stirring was maintained for two 
minutes. The reaction was then quenched with acetic acid (3.5 ml), diluted with water to 
300 ml and sorbed on a cation exchange resin column (SP-Sephadex C-25, Na+ form, 33 
x 520). The resin was washed with water (300 ml) and the complexes were eluted with 
0.2 M potassium sulphate solution. Three bands were separated. 
Band 1 and Band 2. (1-Formyl-8-metbyl-3,~~lP,13,16,19-hexa­
azabicyclo[ 6.6.6]icosane )cobalt(III) Trichloride Dihydrate, 
[Co(Me,CHO)-sar]Cl3•2H20. 
The eluate of the front orange band was desalted on a Dowex 50W-X2 resin 
column. The 4 M HCl eluate was evaporated to dryness and dried in vacuo. Yield 0.241 
g. The eluate of band 2 was desalted on a Dowex 50W-X2 resin column and the 
complexes was eluted with 4 M HCl, and the NMR spectrum of the orange solid 
recovered indicated that 80% of the solid is the same compound as Band 1. The 
comp~und from band 2 was crystallised from water and ethanol solution. Yield 0.030 g 
(total 51 %). lH NMR (ppm, dioxane at 3.7 ppm) in 0 20: o 0.86 (s, 3H, CH3); o 2.3-
3.2 (complex pattern, 24H, CH2); o 3.27, 3.28 (2H, HC(OHh); o 4.81 (lH, 
HC(OH)2); o 6.82 (s, 6H, NH). nc NMR (ppm, dioxane at 67.4 ppm) in 0 20: o 
20.25 (cap-CH3); o 42.78 (C-Me); o 52.58 (CCHO); o 50.91 (Me cap CH2); o 55.37, 
55.44, 55.60 (en and CHO cap CH2), o 90.58 (C(OH)2). UVNis (Amax (nm), £ft. (M-
1cm-1) ) in 0.1 M HCl: £242 = 18760; £342 = 138; £468 = 152. Anal Calcd for 
CoC16H34N60C}J·2H20: C, 36.41; H, 7.26; N, 15.92; Cl, 20.15; Co, 11.17. Found: 
C, 36.44; H, 7.28; N, 15.82; Cl, 20.27; Co, 10.20. 
Band 3. (8-Methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icos-2-
ene-cobalt)(III) Trichloride Trihydrate, 
[ Co(2·ene,8-Me )·sar] Cl3· 3H20. 
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The eluate of the third orange band was evaporated to dryness. Yield 0.176 g 
(34%). 1H NMR (ppm, dioxane at 3.7 ppm) in D20: o 0.77 (s, 3H, CH3); o 2.1-4,1 
(complex pattern, 23H, CH and CH2); o 6.02 (s, 4H, NH); o 6.73 (s, lH, imine-ring 
NH); o 8.43 (d, lH, N=CH). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20.90 
(cap-CH3); o 41.52 (cap-CH); o 43.76 (C-Me); o 47.16, 47.66,--S2.47, 52.72, 54.93, 
55.17, 55.86, 56.65, 58.67, 61.26 (en and cap CH2), o 184.16 (C=N). Anal Calcd for 
CoC15H33N6Cl3·3H20: C, 34.86; H, 7.61; N, 16.26; Cl, 20.57. Found: C, 35.40; H, 
7.23; N, 15.92; Cl, 20.72. 
3.2.1. 7 Reaction of [Co(CH2)3-sen]3+ with 4-Acetylbenzonitrile 
[Co(CH2)3-sen](CF3S03) 3 (0.004 mol, 3.156 g), 4-acetylbenzonitrile (0.004 
mol, 0.580 g) and paraformaldehyde (0.020 mol, 0.62 g) were dissolved in acetonitrile 
(40 ml) with stirring. After addition of N:N-diisopropylethylamine (2 ml) the solution 
was stirred for 6 hours· at ca. 20°C and the reaction was then quenched with 0.1 M HCl 
(200 ml). The unreacted solid was collected and washed with water. The total orange 
solution was sorbed on a SP-Sephadex C-25 resin column (55 x 650), and the column 
was washed with water and then eluted with 0.04 M tri-sodium citrate solution. After 3 
main bands separated, the eluant was changed to 0.06 M. 
Band 1. (3-p-Cyanobenzoyl-10-methyl·l,5,8,12,16,19-hexaaza-
bicyclo[8.6.4]icosane)cobalt(Ill) Trichloride Trihydrate, 
[Co(3-CBy,10-Me)-ronsar]Cl3·3H20. 
The first orange band was collected and desalted on a Dowex 50W-X2 resin 
column. After washing with water and 1 M HCl, the complex was eluted with 4 M HCl 
solution. The eluate was evaporated to dryness and the complex was recrystallised from 
an 0.5 M HCl and EtOH solution mixture. The crystals were dried in vacuum over P205• 
Yield 0.139 g (5%). lff NMR (ppm, dioxane at 3.7 ppm) in D20: o 0.99 (s, 3H, CH3); 
o 2.2-3.9 (complex pattern, 22H, CH2); o 4.3785, 4.4179, 4.4587 (t, lH, cap CH); o 
5.2116 and 5.2599, 5.5428 and 5.5904 (coupled d, 2H, methylene bridge CH2); o 
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7.8580 and 7.8850, 8.0447 and 8.0724 (coupled d, 4H, benzene CH). 13C NMR (ppm, 
dioxane at 67.4 ppm) in D20: 8 19.96 (cap-CH3); 8 41.57 (CH-CO); 8 45.51 (C-Me); 8 
46.42, 48.99, 50.30, 51.54, 52.53, 53.30, 53.39, 55.10, 57.18 (cage CH2); 8 63.16, 
64.84 (tertiary N-CH2); 8 82.36 (bridge CH2); 8 117.17, 119.28, 129.89, 134.14, 
136.43 (benzonitrile C); 8 206.19 (CO). Anal Calcd for_CoC23H37N70Ch·3H20: C, 
42.70; H, 6.70; N, 15.16; Cl, 16.44; Co, 9.11. Found: C, 42.39; H, 6.56; N, 14.41; 
Cl, 16.45; Co, 9.18. 
Band 2. (1-p-Cyanobenzoyl-8-methyl-3,6,10,13,16,19-hexaaza-
bicyclo[ 6.6.6]icosane )cobalt(Ill) Trichloride Tetrahydrate, 
[Co(CBy, Me)-sar]C}J·4H20). 
The second orange band was desalted on a Dowex 50W-X2 resin column and 
after washing with wat~r and 1 M HCl the complex was eluted with 4 M HCl solution. 
The eluate was evaporated to dryness and the complex was recrystallised from 0.5 M HCl 
solution by adding ethanol. The crystals were dried in vacuum over P20 5• Yield 1.27 g 
(48%). lH NMR (ppm, dioxane at 3.7 ppm) in D20: 8 0.87, 0.89 (s, 3H, CH3); 8 2.3-
3.7 (complex patterns, 24H, cage CH2); 8 7.6329, 7.6609, 7.6701, 7.6895, 7.7939, 
7.8653, 7.8916 (4d, 4H,J 8Hz, Ar-H). 13C NMR (ppm, dioxane at 67.4 ppm) in 37% 
DCl: 8 20.56 (cap-CH3); 8 43.30 (Cq-Me); 8 51.39, 55.16, 55.40, 55.63, 55.93 (cage 
CH2); 8 59.46 (cap-Cq-CO); 8 128.50, 130.31 (cyanobenzene CH); 8 130.42, 142,96, 
174.01 (cyanobenzene C); 8 202.10 (CO). Anal Calcd for CoC23H37N70Cl3·4H20: C, 
41.55; H, 6.82; N, 14.75; Cl, 16.00; Co, 8.86. Found: C, 41.61; H, 7.05; N, 15.07; 
Cl, 15.95; Co, 8.47. 
Band 3. (2-p-Cyanophenyl-8-methyl-3,6,10,13,16,19-hexaaza-
bicyclo[ 6.6.6]icos-2-ene )cobalt(III) Trichloride Trihydrate, 
[ Co(2-CPh,2-ene,8-Me)-sar ]Cl3·3H20. 
Fraction three was desalted on a Dowex 50W-X2 column, washed with HzO and 
IM HCl, and then with 2 M HCI. The complex was eluted with 4 M HCl and the eluate 
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was evaporated to dryness. The complex was recrystallised from a water/ethanol mixture 
solution. Yield 0.562 g (36%). lH NMR (ppm, dioxane at 3.7 ppm) in D20: o 0.98 (s, 
3H, CH3); o 2.5-4.2 (complex patterns, 23H, cage CH and CH2); o 7.7, 8.0 (dd, 4H,J 
8Hz, Ar-H). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20.62 (CH3); o 41.70 
(cap qC); o 50.51 (cap CH); o 48.04, 48.81, 52.67, 52.96, 55.12, 55.35-, 55.46, 
55.67, 56.53, 58.17, 58.43 (cage CH2); o 116.14, 119.10, 136.75 (phenyl C and CN); 
o 129.57 (m-phenyl CH); 134.18 (o-phenyl CH); o 188.81 (N=C). Anal Calcd for 
CoC22H35N7Cl3·3H20: C, 42.83; H, 6.70; N, 15.89; Cl, 17.24; Co, 9.55. Found: C, 
43.56; H, 6.76; N, 15.87; Cl, 17.08; 9.58. 
3.2.1.8 Reaction of [Co(CH2h·sen]3+ with 9-Acetylanthrancene 
[Co(CH2)3-sen](CF3S03) 3 (0.002 mol, 1.578 g) and 9-acetylanthracene (0.002 
mol, 95%, 0.464 g) were dissolved in acetonitrile (20 ml) with stirring. After adding 
paraformaldehyde (0.010 mol, 0.31 g), N,N-diisopropylethylamine (0.006 mol, 1 ml) 
was then added to the stirred solution. The colour changed from orange to purple 
instantly and then gradually changed to red-purple. The reaction was quenched after 5.5 
hours with 1 M HCl (10 ml) and the excess paraformaldehyde was filtered off and 
washed with water. The diluted (with water) light orange solution (300 ml) was sorbed 
on a SP-Sephadex C-25 resin column (55 x 650) and the column was eluted with 0.15 M 
tri-sodium citrate solution. Two mail)slowly moving orange bands emerged. 
Band 1. (1-Anthracenoyl-8-methyl-3,6,10,13,16,l9-hexaazabi-
cyclo[ 6.6.6]icosane )cobalt(Ill) Trichloride Dihydrate, 
[ Co(Anthroyl,Me )-sar] Cl3·2H20. 
The first band was desalted on a Dowex 50W-X2 resin column and after washing 
with water and 1 M HCl, eluted with 1 : 1 ethanol 37% HCl solution. The eluate was 
evaporated to dryness and the product was dried in vacuum over P20 5• Yield 0.924 g 
(66%). The compound was very soluble in DMSO, fairly soluble in water, methanol and 
ethanol, and slightly soluble in chloroform. lH NMR (ppm, DMSO-d6 at 2.49 ppm) in 
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DMSO-d6: o 1.17 (s, 3H, CH3); o 2.5-3.8 (complex patterns, cage CH2); o 8.0-9.3 
(complex patterns, aromatic CH). 13C NMR (ppm, DMS0-'4> at 39.6 ppm) in DMSO-
d6: o 19.77 (CH3); o 42.69 (C-Me); o 50.27, 53.31, 54.36, 54.78 (cage CH2); o 61.02 
(C-CO); o 124.56, 124.79, 126.18, 126.24, 127.04, 127.14, 127.97, 129.46, 129.90, 
130.59, 130.83, 132.33 (anthracene C); o 207;-6l(CO). Anal Calcd for 
CoC30H42N6Ch·2H20: C, 51.18; H, 6.59; N, 11.94; Cl, 15.11; Co, 8.37. Found: C, 
51.79; H, 6.30; N, 11.54; Cl, 15.18; Co, 8.82. 
Band 2. (3-Anthracenoyl-10-methyl-1,5,8,l2,16,-19~hexaazabicyclo 
[8.6.4]icosane)cobalt(III) Trichloride Monohydrate, 
[Co(3-Any ,10-Me)-ronsar ]CIJ• H20. 
The second band was eluted with 0.2 M tri-sodium citrate solution and desalted 
on a Dowex 50W-X2 resin column, and after washing with water and 1 M HCl, eluted 
with a 1 : 1 ethanol 37% HCl solution. The eluate was evaporated to dryness and the 
product was dried in vacuum over P20 5• Yield 0.379 g (28% ). The compound was very 
soluble in a 1 : 1 = methanol : water solution, soluble in DMSO and fairly soluble in 
water, methanol and ethanol. lH NMR (ppm, DMSO-d6 at 2.49 ppm) in DMSO-d6: o 
1.08 (s, 3H, CH3); o 1.9-3.7 (complex patterns, 22H, CH2); o 5.10 and 5.48 (2H, 
methylene bridge CH2); o 6.9-8.9 (9H, aromatic CH). 13C NMR (ppm, DMSO-d6 at 
39.6 ppm) in DMSO-d6: o 19.75 (CH3); o 44.63 (C-Me); o 48.18 (CH-CO); o 46.32, 
47.87, 49.96, 50.51, 50.96, 51.19, 52.25, 54.07, 55.45 (cage CH2); o 62.24, 63.27 
(tertiary N-CH2); o 81.13 (bridge CH2); o 124.47, 126.42, 127.48, 128.32, 129.43, 
130.03 (anthracene CH); o 127.48, 130.86, 133.39 (anthracene C); o 206.19 (CO). 
Anal Calcd for CoC30H42N60Ch·H20: C, 52.53; H, 6.46; N, 12.25; Cl, 15.50; Co, 
8.59. Found: C, 52.24; H, 7.01; N, 12.04; Cl, 15.30; Co, 8.68. 
3. 2 .1. 9 Reaction of ( 4,4' ,4" -Ethyledynetris(3-thiabutan-1-amine)) 
cobalt(III) Tris( trifluoromethanesulf onate ), [Co( ten)] (CF 3S 0 3)3, with 
Formaldehyde 
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To a solution of [Co(ten)](CF3S03)3 (1 mmol, 0.84 g), NaCl04 (2 g) and 
paraformaldehyde (0.16 mol, 4.83) in acetonitrile (10 ml), triethylamine (0.7 ml) was 
added with vigorous stirring. The reaction was quenched with acetic acid (5 ml) after 2 
minutes stirring. The solids were filtered off and washed with 0.5 M HCl until 
colourless. The total solution was sorbed on a cation exchange resin column (Dowex 
50W-X2, H+ form, 20 x 120) and the column was washed with 1 M HCI. The 
complexes were eluted with 1.5 M HCI. Two fractions were resolved and both bands 
were recovered and evaporated to dryness. Their NMR spectra indicated that both bands 
were a mixture, but the first band contained imine complexes and the second band did 
not. The NMR spectra of the first band also indicated that the imine moieties of the 
complexes were not stable under the condition (pD = 1, aqueous solution), and 
complexes similar to those of band two were found after several hours, when no imine 
signals remained. The solids of both bands from the PD 1 aqueous solution were 
dissolved in 0.5 M HCl and evaporated slowly in air to give red-brown crystals. Yield 
0.451 g (56%). These crystals were suitable for single crystal X-ray crystallographic 
analysis. lH NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: o 1.37 (s, 3H, CH3); o 
2.6- 3.8 (complex patterns, en CH2); o 4.1 - 5.0 (dd, 4H, oxa bridge CH2). BC NMR 
(ppm, dioxane at 67.4 ppm) in 0.1 M DCl: o 26.90 (CH3); o 36.64, 36.76, 38.41, 
39.16, 41.25, 41.77, 42.20, 48.17, 49.76 (en and cap CH2); o 80.04, 81.22 (oxa 
bridge CH2). Anal Calcd for CoC13H29N30S3Cl·(Cl04)3·3H20: C, 19.39; H, 4.76; N, 
5.22. Found: C, 19.59; H, 4.35; N, 5.03. 
3.2.2 
3.2.2.1 
X-ray Crystallography 
[Co(CH2h·sen](ZnCl4)Cl·2. 7H20 
Single crystals of the [Co(CH2)3-sen] (ZnCl4)Cl·2.7H20 salts for an X-ray 
diffraction study were grown by slowly evaporating a complex aqueous solution 
containing some H2ZnCl4. A fragment of a yellow crystal with dimensions 0.32 x 0.16 
x 0.09 mm was mounted on a quartz fibre. Measurements were made on a Rigaku 
AFC6S diffractometer with graphite monochromated Mo-Ka radiation. The crystal data 
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are summarised in Table 3.1. The unit cell was determined and refined using setting 
angles of 25 carefully centred reflections, with 28 angles in the range from 35.01 to 
40.37°. All calculations were performed using the teXsan crystallographic software 
package of the Molecular Structure Corporation. The structure was solved by heavy-
atom Patterson methods and expanded using Fourier techniques. The non-hydrogen 
atoms were refined anisotropically and the hydrogen atoms were generated geometrically 
and not refined. The final cycle of full-matrix least-squares refinement was based on 
2888 observed reflections(/> 3.00cr(I)) and 283 variable parameters with unweighted 
and weighted agreement factors of R and Rw being 0.034 and 0.024. The maximum and 
minimum peaks on the final difference Fourier map corresponded to 0.63 and -0.49 e-
l A 3, respectively. 
Table 3.1. Crystallographic Data for [Co(CH2)3-sen](ZnCl4)Cl·2.7H20 
Chem formula C 14H3s.40ClsCoN 602.1Zn T, °C 23.0 
FW 632.65 crystal system monoclinic 
0 
a, A 8.735(1) space group P21/n (#14) 
b, A 27.498(2) dcalcd· g/cm3 1.646 
c, A 10.669(2) A. (MoKa), A 0.71069 
{3, 0 95.15(2) µ (MoKa), cm-1 21.39 
v,A3 2552.46(6) z 4 
#Residuals: R = ~)IFol - IFcll/~)Fol; Rw = [I,w(IFol - IFcl)2/I,w(IFo1)2)]112. 
3.2.2.2 
The red brownish single crystals were grown slowly from 1 M HCl aqueous 
solution. The crystal data and refinement parameters are summarised in Table 3.2. 
Chem formula C13H37Cl4CoN3013S3 T, °C 20.0 
FW 802.4 crystal system monoclinic 
a, A 8.078(2) space group P21/n 
b, A 32.68(1) dcalcd• g/cm3 1.775 
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c, A 12.023(5) A. (MoKa), A 0.71073 
a, o 90 /3, 0 71.05(2) 
y, 0 90 µ (MoKa), mm-1 1.203 
v,A3 3002(2) z 4 
crystal dimensions 0.48 x 0.18 x 0.15 mm diffractometer 4- circle 
data-collection m/26 scans absorption corr~ction integration 
transmission, T min 0.818 transmission, T max 0.853 
R 0.067 Rw 0.078 
s 1.913 LiPmax (c A-3) 0.513 
maximum Ala 0.0425 H atoms not refined 
No. of reflections measured 3877 
No. of independent reflections 2825 
No. of observed reflections (/ > 3.000(/)) 1186 
No. of reflections used in refinement 1186 
No. of parameters refined 371 
weighting scheme based on measured e.s.d.'s 
3. 3 Results and Discussion 
3.3.1 Synthesis of [Co(CH2)J-sen)3+ 
The [Co(CH2)3-sen]3+ was prepared in acetonitrile by rapid condensation of the 
[Co(sen)]3+ with paraformaldehyde in the presence of base at ca. 20°C. Under the right 
conditions, the yield was almost quantitative. Although the triimine complex has been 
reported,[6] it was not completely characterised. In spite of this report, some difficulty 
was experienced in preparing and isolating the triimine complex and the yield of triimine 
was often low due to its decomposition under the earlier reaction conditions. A 
satisfactory reliable method has now been worked out mainly by reducing the reaction 
time from 20 minutes to 2 minutes. After removing extraneous salts and unreacted 
organic reagents, the chloride salt of the complex was isolated as orange crystals from 3 
M HCl and ethanol solution. The chloride salt is very soluble in water, but not very 
soluble in acetonitrile. The perchlorate salt of the complex however is less soluble in 
water but more soluble in acetonitrile. The triflate salt is relatively soluble in both water 
and acetonitrile. The [Co(CH2)3-sen]3+ ion is very stable in neutral organic solvents. 
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Under basic conditions in non-aqueous media, it is still faidy stable making it a very 
useful synthon. In water the triimine complex is quite stable under neutral conditions and 
indefinitely stable under acid conditions, but decomposes rapidly under basic conditions. 
In fact, attempts to make the complex in water have failed because the synthesis needs a 
base catalyst. 
When the [Co(sen)]3+ ion reacts with formaldehyde, the first step is a simple 
nucleophilic addition, Scheme 3.3, but the dehydration of the carbinolamine occurs 
intermediately to give the triimine complex. Initially, the reaction·was carried out over20 
min at ca. 20°C and the yield was as low as 16%. However when the reaction time was 
reduced to 5 min by increasing the concentration of the organic reagents, the yield 
increased to ca. 90%. If the reaction time was too short such as 1 min, the overall yield 
was also low and ca. 50% of starting materials remained. The most efficient time for the 
reaction was 2 min when the yield was almost quantitative. The water content also 
influenced the reaction yield in that the more water present in the reaction the lower the 
yield. If the reaction was done in aqueous medium, there was no obviously fully 
condensed triimine observed even at short reaction times of 2 min. However, mixtures of 
di- and mono-imines were present in the reaction mixture according to the NMR spectra. 
These were not particularly important in this investigation and they were not studied 
further. 
+ 3HCHO 
OH OH OH 
I ~H I 
CH2 I 2CH2 I I 
NH NH NH 
c ~~{ J 
r:p 
Scheme 3.3. Mechanism for the Synthesis of [Co(CH2h-sen]3+. 
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3.3.2 Reaction of [Co(ten)](CF3S03)3 with formaldehyde 
The [Co(ten)]3+ ion (ten = 4,4',4"-ethylidynetris(3-thiabutan-1-amine)) has a 
similar structure to [Co(sen)]3+ except that it contains N3S3 donor atoms instead of N6 
atoms.[10] It also has some similar chemical properties to the [Co(sen)]3+ and it reacts 
for example with formaldehyde and ammonia to give -the cage complex 
[Co(azacapten)]3+. If nitromethane is used instead of ammonia, the nitro-capped cage 
complex, [Co(N02-capten)]3+ is obtained, which is readily reduced to the ammonium 
derivative, [Co(NH3-capten)]4+, by zinc/HCL However, the cobalt cage complexes with 
N3S3 ligands have a number of interesting properties, which differ from those of the N6 
analogues, including fast electron self-exchange rates for the Co(lll)/(Il) couples, the 
ability to stabilise Co(l) and the low-spin configuration of the Co(Il) state, and some 
interesting spectroscopic and electrochemical properties.[11] Therefore it would be 
useful to isolate the [Co(CH2h-ten]3+ molecule, Figure 3.1, by a similar route as 
described above for the [Co(CH2h-sen]3+ complex. 
Figure 3.1. Proposed Coordinated Triimine Complex [Co(CH2)3-ten]3+. 
The synthetic approach to [Co(CH2h-ten]3+ starting with [Co(ten)]3+ has been 
attempted under similar conditions to those for [Co(CH2)3-sen]3+. However, although it 
is clearly formed, no pure triimine complex has been isolated because it is always mixed 
with the di- and mono- imine complexes which were revealed by NMR spectra. 
The NMR study also indicated that the imine moieties of the [Co(ten)]3+ 
methanimine complexes are not very stable even in pH = 1 acid solution, and CH2 - 0 -
CH2 bridges form very efficiently. The final isolated product was a 56% yield of 
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compound I, and a proposed reaction mechanism is given in Scheme 3.4. This result 
implies that the stability and the reactivity of coordinated methanimines may have a 
substantial dependence on the donor atoms of the ligands. 
+(HCHO)n 
• 
I 
OH 
CH / CH2i1 2 CH2 
II N I 
N I NH 
~ -HCHO 
CH2 CH2 
II ~ N~I /NH2 C J.om) 
s" I" l}> 
Scheme 3.4. Proposed Route to Product I in an Attempted Synthesis of [Co(CH2h-
ten]3+. 
For example, the stability difference between the methanimines of [Co(CH2)3-ten]3+ and 
[Co(CH2)3-sen]3+ in aqueous acid solution is striking. One possible reason is that the 
thioether sulfur is a better electron donor than an amine nitrogen, and with three S donors 
replacing three N donors the metal core of [Co(CH2)3-ten]3+ becomes relatively more 
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electron rich than that of [Co(CH2)3-sen]3+. This effect could reduce the 7t delocalisation 
over the Co - N = CH2 moiety and destabilise the methanimine. Alternatively the larger 
atom radius of the sulfur may expand the complex and weaken the Co-N bond. Other 
steric factors resulting from the thioether vs. secondary amine donor atoms may also be 
important but this is not very clear at present. 
The NMR spectra of the complex I are given in Figure 3.2. The lH NMR 
spectrum (Figure 3.2, top) shows a single signal at 1.37 ppm for the methyl group. Two 
pair of doublets lie between 4.1 and 5.0 ppm and they are assigned to the oxa-bridge 
methylene. The remaining signals between 2.6 and 3.7 ppm are assigned to the other 
methylene proton resonances. The 13C NMR spectrum (Figure 3.2, bottom) consists of 
12 signals which are consistent to the formula of the molecule I except that the quaternary 
carbon resonance was not observed. The signal at 28.70 ppm is assigned to the methyl 
group. The signals at 80.04 and 81.22 ppm are assigned to the methylene protons of the 
oxa-bridge. The remaining signals between 56 and 50 ppm are assigned to the other 
methylene carbon resonances. The methyl group has a 9 ppm downfield shift in the 
N3S3 system compared with the N6, and this result implies that substituent effects on the 
CH3 shifts are substantially different for S(CH2) and NH(CH2) substituents. 
The molecular structure of I is shown in Figure 3.3 with selected bond lengths 
and angles given in Table 3.3. The structure is monomeric and shows that one of the 
nitrogens has dissociated from the metal ion and is substituted by a chloride ion. The 
octahedral coordination geometry of the metal centre is completed by a pendant arm 
macrocyclic fragment with three sulfur and two nitrogen atoms coordinated. The 
uncoordinated nitrogen arm and the chloride atom have a cis configuration about the metal 
centre. The average Co-S distance of 2.234 A is much longer than the average Co-N 
distance of 2.013 A, which is much longer than the Co-N distances in [Co(CH2)3-sen]3+. 
This result supports some of the comments made above, but additional steric factors in I 
may also contribute to the longer Co-N bonds. 
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Figure 3.2. Top: 300 MHz lH NMR Spectrum of I in 0.1 MDCI (dioxane 3.7 ppm). 
Bottom: 75 MHz 13C NMR Spectrum of I in 0.1 MDCI (dioxane 67.4 ppm). 
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Figure 3.3. Molecular Structure of I Showing the Atomic Numbering Scheme. 
Table 3.3. Selected Bond Distances and Angles for the Cation in the l·(Cl04)3-4 H20 
Co-N2 
Co-S2 
Co-Cll 
Sl-C12 
S2-C8 
S3-C6 
Nl-Cl 
N2-C5 
N3-C13 
Nl-Co-N2 
S3-Co-N2 
Sl-Co-N2 
S3-Co-Nl 
Sl-Co-Nl 
S2-Co-Cll 
S3-Co-Cll 
Sl-Co.;Cll 
2.012 (22) 
2.207 (8) 
2.255 (7) 
1.782 (24) 
1.805 (25) 
1.793 (29) 
1.477 (36) 
1.487 (29) 
1.485 (34) 
91.4 (9) 
87.0 (7) 
87.6 (7) 
88.6 (6) 
175.7 (6) 
87.0 (3) 
179.5 (4) 
93.0 (3) 
Bond Distances (A) 
Co-Nl 
Co-S3 
Co-Sl 
Sl-C7 
S2-C4 
S3-C9 
Nl-C3 
N2-C2 
Bond Angles (deg) 
S2-Co-N2 
Cll-Co-N2 
S2.,Co-Nl 
Cll-Co-Nl 
S2-Co-S3 
Sl-Co-S2 
Sl-Co-S3 
2.014 (22) 
2.230 (7) 
2.266 (8) 
1.793 (29) 
1.817 (33) 
1.806 (26) 
1.484 (32) 
1.498 (34) 
179.1 (7) 
92.6 (7) 
89.4 (7) 
91.2 (6) 
93.5 (3) 
91.7 (3) 
87.2 (3) 
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3.3.3 Reactions of [Co(sen)]CIJ·H20 with Formaldehyde 
Using conditions quite different from those for the efficient [Co(CH2)3-sen]3+ 
synthesis and a longer reaction time, two major compounds were isolated. One of these 
complexes was the [Co(CH2)3-sen]Cl3 compound confirmed by NMR studies, but the 
other one was at first somewhat intriguing because of its lH NMR and PC NMR spectra 
and also the possible mechanism for its formation. 
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm 
Figure 3.4. 300 MHz lH NMR Spectrum of Compound Bin DzO. 
The 1 H NMR spectrum of the chloride salt of the second compound (B) in D20 is 
given in Figure 3.4. It has less symmetry than that of the [Co(CH2)3-sen]3+. The 
spectrum is quite complicated but the single peak at 0.91 ppm can be ascribed to the 
methyl protons, compared with the analogous protons in the spectra of [Co(sen)]3+ and 
[Co(CH2)3-sen]3+, and this implies that it is likely to be a relatively pure compound. The 
13C NMR spectrum in D20 is given in Figure 3.5, which shows 13 peaks consistent with 
13-14 carbon signals. The signals at ca. 80 ppm indicate some significant differences to 
those of both [Co(sen)]3+ and [Co(CH2)3-sen]3+. 
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Figure 3.5. 7 5 MHz 13C NMR Spectrum of Compound B in D20. 
A reasonable and initial proposal for the structure of compound B, is that of complex C, 
shown in Scheme 3.5 which shows that two methylene bridges are formed. The two 
strained methylene carbon atoms connected with a tertiary nitrogen atom, are expected to 
be located at relatively low field positions from 80 to 90 ppm.[18,19] 
HCHO 
Scheme 3.5. Reaction of [Co(sen)]3+ with Formaldehyde in Acetonitrile. 
However, both the peaks at 20.92 and 33.77 ppm were assigned as possible methyl 
carbons (or, less likely, methine carbons) from an APT spectrum (Appendix 3.3). Also 
the peak at 42.15 was assigned as a quaternary carbon by another APT spectrum. This 
"- -.:,~. 
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was unexpected be,cause it is likely that the methanimine group is reduced to N-CH3 by~ 
Cannizaro type reaction with formaldehyde and H20, although H20 is generated in the 
reaction. Further characterisation of compound B was rp.ade using 500 MHz l H NMR 
(Appendix 3.4), DQF-COSY(Appendix 3.5), HETCOR (AppendiJ.(}~6) and GHMBC 
(Figure 3.6) experiments. 
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Figure 3.6. 500 MHz GHMBC Spectrum of B in D20 ( dioxane 3. 7 ppm for proton 
NMR and 67.4 ppm for carbon NMR). 
The new species was finally identified as that of molecule Bin Scheme 3.5, and a 
summary of the NMR assignments is depicted in Figure 3. 7. In the l H spectrum, the 
sharp signal at 2.76 ppm was assigned to the ~ne methyl group, and two pairs of 
doublets between 4.0 and 4.8 ppm were assigned to the oxa-bridge methylene protons. 
The remaining signals between 2.1 and 3.6 ppm have been assigned to the methylene 
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fragments in the sen fragment. In the 13C spectrum, the signal at 20.93 ppm was 
assigned to the apical methyl carbon and the signal at 33.77 ppm to the amine methyl 
carbon. The signal at 42.15 ppm was assigned to the quaternary carbon resonance. The 
signals at 80.35 and 80.75 ppm have been assigned to the oxa-bridge methylene carbon 
resonances. The remaining signals between 45 and 57 ppm \V~re assigned to the 
methylene carbon resonances in the sen frame. 
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Figure 3.7. NMR Assignment Diagrams for the Molecule B. Left: 13C Chemical 
Shifts (ppm). Right: lH Chemical Shifts (ppm). 
By analogy with the reaction for the synthesis of [Co(CH2)3-sen]3+ in 3.3.1, 
where the triimine was formed in almost quantitative yield in a much shorter time, it is 
believed that the compound B is derived from the triimine species. It is quite obvious that 
the formation of the ether bridge arises from the initial hydration of one of the imines. 
The first step is a nucleophilic addition of water to an imine-methylene group, but there 
are two possible mechanisms for the second step as shown in Scheme 3.6. One involves 
another water addition followed by an intramolecular water elimination condensation of 
the two carbinolamine groups. The other involves intramolecular addition of OH to an 
adjacent imine group and proton transfer to the N- base. 
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Scheme 3.6. Mechanism for the Ether Bridge Formation in Complex B. 
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It is well known that the dehydration of normal organic alcohols, inter- or intra-
molecule, is usually effected under acidic rather than basic conditions. Under the basic 
conditions used here the first path is not likely to be efficient, although the 
stereochemistry may be favourable. The second path is more likely because the oxygen 
has not only favourable stereochemistry but also unshared electron pairs which could 
attack the activated imine carbon to form an ether ring under the basic conditions. This 
assumption about the stereochemical structure was confirmed by X-ray analysis of similar 
complexes which are discussed in the next chapter. 
Now, the question arises as to how the -HN-Me group was formed. The most 
likely possibility is a Canizzaro type reaction involving the formaldehyde reagent and the 
generated water, and this is depicted in Scheme 3.7.[12] 
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Scheme 3.7. Proposed Mechanism for the Methylation of the Coordinated Imine. 
It is proposed that under the basic conditions formaldehyde, as reduce agent, was 
involved in the reduction of the imine. At first H20 adds to the formaldehyde to give I 
using a base catalyst. The strong electron donor character of o- greatly facilitates the 
ability of the aldehydic hydrogen to leave as hydride ion and formic acid is produced. 
When· the hydride does leave, it can attack either another molecule of aldehyde or a 
coordinated imine. In the latter case, the reaction gives II which is quenched by base-H+, 
forming III and regenerating the catalyst base. Although there is another competing 
reaction leading to different products, either this may be slow or the or the proposed 
reaction rate may be enhanced because of the large excess of formaldehyde that is present 
in the reaction mixture. 
It is believed from these and other experimental results that methylation of the 
coordinated methanimine because of the low H20 concentration is fairly slow, so that it is 
easy to avoid this side-reaction by quenching with acid as soon as the triimine is formed. 
In fact, it was partly by this means that a 98% yield of the [Co(CH2)3-sen]3+ was 
obtained. 
3.3.4 Physical Measurements 
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3.3.4.1 NMR Spectroscopy 
The 1H NMR spectrum of the chloride salt of [Co(CH2h-sen]3+ in D20 (DCl, pH 
1) is given in Figure 3.8. The important features of the 1H NMR spectrum are the broad 
signal at 8.0 and the doublet signal at 7.4 ppm. It is believed that they are the imine 
methylene proton signals which should be an AB quartet a~cording to the structure, but 
because of different relaxation properties the pair of signal at 8.0 is relatively broadened. 
Another pair of doublets at 2.5 and 3.1 ppm has been analysed as the cap methylene 
signals with a geminal coupling constant of 14 Hz. The methyl group signal was 
assigned to a single peak at 1.0 ppm. 
10 9 8 7 6 5 4 3 2 ppm 
Figure 3.8. 300 MHz lH NMR Spectrum of [Co(CH2)3-sen]3+ in 0.1 M DCl (dioxane 
3.7 ppm). 
The 13C NMR spectrum, Figure 3.9, is much simpler. It showed 6 peaks, 
indicative of the time averaged C3 symmetry expected for the triimine complex. The 
methyl carbon, assigned by the APT technique, appears at high field (20.5 ppm). The 
peak at 43.6 was assigned to the cap quaternary carbon also by the APT method. The cap 
methylene carbon atoms were assigned at 54.3 ppm by the LRHETCOR method, Figure 
3.10, which shows clearly a coupling between the methyl protons and the cap methylene 
carbon. The most striking feature is the strong signal at 176.7 ppm which is attributed to 
the imine carbon resonance. Comparison of the spectrum with that of the [Co(sen)]3+, 
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displays a significant downfield shift of about 20 ppm of the imine a-carbon resonance 
from o 43.6 to o 62.0, arising from increased substitution on the imine nitrogen. 
200 180 160 140 120 100 80 60 40 20 ppm 
Figure 3.9. 75 MHz 13C NMR Spectrum of [Co(CH2)3-sen]3+ in 0.1 M DCl (dioxane 
67.4 ppm). 
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Figure 3.10. 300 Hz LRHETCOR Spectrum of [Co(CH2)3-sen]Ch in 0.1 M DCL 
dl = 1, np = 2048, ni = 256, fn = 2048, fnl = 1024. 
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3.3.4.2 Electronic Spectroscopy 
The UV-Visible spectra of the [Co(CH2)3-sen]3+ ion were measured in aqueous 
media. In Figure 3.11, the absorption spectrum displays.two weak ligand field bands at 
339 and 456 nm and a strong CT band at 231 nm. The assignments are given in Table 
3.4. 
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Figure 3.11. The Absorption Spectrum of the Chloride Salt of [Co(CH2)3-sen]3+ in 
0.1 M HCI. 
Table 3.4. A Comparison of the Electronic Spectral Properties of the Co(III) 
Complexes. Chloride Salts (5.0 x 10-4 M) in 0.1 M HCl at 25°C. Amax in nm, E in M-
Complexes A.m .• y (E) of UV-Vis Bands 
lA1g _._ lT1g 1A111 _._ 1T21l' charge transfer 
[Co(sen)]Cl3 464 (111) 340 (104) 219 (17060) 
[Co(CH2)3-sen]Cl3 456 (134) 339 (138) 231 (24300) 
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The spectrum is characteristic of a Co(IIl)N6 chromophore with optimal 
dimensions, exhibiting three bands like the typical CoN6 complex [Co(sen)]Cl3, except 
that the lT1g band is at slightly higher energy. The spectral comparison of the 
[Co(CH2)3-sen]Cl3 and [Co(sen)]Cl3 complexes indicates that the conformations of the 
five-membered rings could be the same lel3 for both complexes in the solution. This 
result would be consistent with the solid state conformations of the [Co(CH2)3-sen]Cl3 
and [Co(sen)]Cl3 found in the crystals which will be discussed later. 
3.3.4.3 Stability 
The [Co(CH2)3-sen]3+ ion in the solid state in different salts such as chloride, 
acetate, triflate and perchlorate is very stable. There was no decomposition detected even 
after these solids had been exposed to air for months. 
* 
T = 163 days 
T = 93 days 
T = 433 hours 
. I 
T = 5 mins. 
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Figure 3.12. The Decomposition of the [Co(CH2)3-sen]3+ Ion in Water at pD 6. 
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In organic solvents, such as acetonitrile and DMSO, there was no observable 
decomposition over months, and this was also the case in acidic aqueous solution. 
However, in basic solution, both organic and especially aqueous, rapid decomposition 
occurred. At pD 6 in aqueous solution, the decomposition of the [Co(CH2h-sen]3+ 
complex was studied by NMR spectroscopy. The results are shown in Figure 3.12. 
It is clear that the [Co(CH2)3-sen]3+ ion is still relatively stable under these 
conditions. Even after 93 days, the decomposition was still less than twenty percent. It 
is believed that during the decomposition the di- and mono-imine compounds were 
formed because two signals appear between 175 and 177 ppm which are assigned as 
imine carbon resonance. The highest peak between 82 and 83 at 82.6 ppm was assigned 
to formaldehyde by a standard spectrum. This study therefore confirms that the 
coordinated methanimine does decompose at sufficiently high pH by losing formaldehyde 
at least in one way by the retro-formation bath. Other ways were also found and these are 
discussed in detail later. 
3.3.5 Description of the Structure of the[Co(CH2h·sen]3+ Ion 
The molecular structure of the [Co(CH2h-sen]3+ cation in its (ZnCl4)Cl salt is 
shown in Figure 3.13. The atomic coordinates and isotropic displacement parameters are 
given in Appendix 3.1. Selected bond lengths and angles are listed in Table 3.5. The 
other bond lengths and angles are presented in Appendix 3.2. 
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(a) (b) 
Figure 3.13. Thermal Ellipsoid Diagram of the [Co(CH2)3-sen]3+ Cation with 
Labelling of Non-hydrogen Atoms. Ellipsoids Show 30% Probability Levels and 
Hydrogen Atoms are Drawn as Circles of Arbitrary Radius. (a) View Showing the 
Cobalt Centre; (b) View Down the C3 Axis. 
The cation essentially has nearly C3 symmetry. The three imines are clearly 
shown in the diagram and each has the same chiral relation along with the C3 axis. A 
notable consequence is that each methylene moiety (CH2) plane is at roughly 60° to the 
others in an annular fashion around the axis. The arrangement is particularly suitable for 
intramolecular reactions, such as formation of the ether bridge or encapsulation. In these 
reactions, the cobalt ion is an electron withdrawing group which activates the imine 
double bond to nucleophilic attack at the carbon atom, and the reaction involves the 
LUMO of the conjugated system, a 7t* orbital. The best approach of the nucleophile is 
from above or below the nodal plane of the 7t system. The geometrical arrangement of 
the methylene moieties favours the stereoelectronic requirements for this type of 
cyclization, since it provides an ideally located orbital which is available for an 
intramolecular approach of the nucleophile from below (Scheme 3.8). 
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Scheme 3.8. Sterle Favour in Formation of Six Membered Ring 
The (CH2)3-sen ligand of the complex cation is in the lel3 conformation (the C-C 
bonds are approximately parallel to the C3 axis) and is the same as the conformation of 
sen ligand in a crystal structure of the [Co(sen)]3+ complex.[13] It has been suggested 
that for [Co(sen)]3+ this may be stabilized because of the way in which the 
trimethyleneethane group links three nitrogen atoms of the parent skeleton. However 
there is no real evidence for its enhanced stabilization in general. For example, in the 
[Co(sar)]3+ type complexes, the conformation is determined mainly by the lattice, and the 
lel3 form is not the most stable in solution. 
Averages of chemically equivalent bonds and angles of the complex are as 
follows: Co-N (Nl, N3 and N5, the methanimine N), 1.946 ± 0.003 A; Co-N (N2, N4 
and N6, the trimethyleneethane capping N), 1.963 ± 0.003 A; C=N (Nl, N3 and N5), 
1.262 ± 0.001 A; C-N (en ring), 1.487 ± 0.011 A; C-C (en ring), 1.495 ± 0.002 A; 
internal N-Co-N (en ring), 85.2 ± 0.3°; Co-N=C, 129.6 ± 0.4°; Co-N-C (Nl, N3 and 
N5), 112.2 ± 0,8°fCo-N-C (N2, N4 and N6), 108.3 ± 0.5°. The C-N and C-C bonds of 
the en ring, Co-N bonds and the Co-N-C angles of the trimethyleneethane capping N are 
in agreement with the values found in the [Co(sen)]3+ structure reported previously by 
Yoneda and co-workers.[13] However the Co-N bonds and internal N-Co-N angles are 
shorter and smaller, and the Co-N-C angles of the methanimine N are larger than the 
analogous parameters for [Co(sen)]3+ ion. An important structural feature is the 
difference between the Co-N=C angles of the methanimine nitrogen atoms and the 
secondary amine nitrogen atoms, and this angle is ca. 10° larger than 120°. All three main 
features could partly result form some 7t delocalisation over the Co - N = C moiety. 
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Table 3.5. Selected Bond Distances and Angles for the Cation in [Co(CH2)3-sen] 
(ZnCl4)Cl·2.7 H20 
0 
Bond Distances (A) 
N(3)-C(6) 1.487(5) N(4)-C(7) 1.498(5) 
N(4)-C(8) 1.491(5) N(5)-C(9) 1.262(5) 
Co(l)-N(l) 1.943(4) N(5)-C(10) . ·· t.476(5) 
Co(l)-N(2) 1.963(4) N(6)-C(l 1) 1.494(5) 
Co(l)-N(3) 1.947(4) N(6)-C(12) 1.498(5) 
Co(l)-N(4) 1.960(3) C(2)-C(3) 1.495(7) 
Co(l)-N(5) 1.947(3) C(4)-C(13) 1.515(6) 
Co(l)-N(6) 1.966(4) C(6)-C(7) 1.494(6) 
N(l)-C(l) 1.263(6) C(8)-C(13) 1.523(6) 
N(l)-C(2) 1.481(6) C(l 0)-C(l 1) 1.497(6) 
N(2)-C(3) 1.496(5) C(12)-C(13) 1.514(6) 
N(2)-C(4) 1.499(5) C(13)-C(14) 1.536(6) 
N(3)-C(5) 1.262(5) 
Bond Angles (deg) 
C(3)-N(2)-C(4) 111.7(4) Co(l)-N(3)-C(5) 130.0(4) 
Co(l)-N(3)-C(6) 111.8(3) C( 5)-N (3 )-C( 6) 118.1(4) 
Co( 1 )-N ( 4 )-C(7) 108.5(3) Co(l)-N(4)-C(8) 117.2(3) 
N(l)-Co(l)-N(2) 85.5(2) C(7)-N(4)-C(8) 112.0(3) 
N(l)-Co(l)-N(3) 92.8(2) Co(l)-N(5)-C(9) 129.4(3) 
N(l)-Co(l)-N(4) 175.4(1) Co(l)-N(5)-C(l0) 113.0(3) 
N(l)-Co(l)-N(5) 92.5(2) C(9)-N(5)-C(10) 117.6(4) 
N(l)-Co(l)-N(6) 91.9(2) Co(l)-N(6)-C(l 1) 108.5(3) 
N{2)-Co(l)-N(3) 92.5(1) Co(l)-N(6)-C(12) 117.2(3) 
N(2)-Co(l)-N(4) 90.5(1) C(l 1)-N(6)-C(12) 110.8(3) 
N(2)-Co(l)-N(5) 175.0(1) N(l)-C(2)-C(3) 107.2(4) 
N(2)-Co(l)-N(6) 90.6(1) N(2)-C(3)-C(2) 107.9(4) 
N(3)-Co(l)-N(4) 85.1 (1) N(2)-C(4)-C(l3) 113.2(4) 
N(3)-Co(l)-N(5) 92.2(1) N(3)-C(6)-C(7) 107.3(4) 
N(3)-Co(l)-N(6) 174.6(2) N ( 4 )-C(7)-C( 6) 107.2(4) 
N(4)-Co(l)-N(5) 91.7(1) N( 4)-C(8)-C(l 3) 113.7(4) 
N(4)-Co(l)-N(6) 90.4(1) N(5)-C(10)-C(l 1) 108.0(3) 
N(5)-Co(l)-N(6) 84.9(1) N(6)-C(l 1)-C(10) 108.3(4) 
Co(l)-N(l)-C(l) 129.5(4) N(6)-C(l2)-C(13) 113.4(4) 
Co( 1 )-N ( 1 )-C(2) 111.8(3) C(4)-C(13)-C(8) 110.8(4) 
C(l)-N(l)-C(2) 118.7(4) C( 4)-C( 13)-C( 12) 110.8(4) 
Co(l)-N(2)-C(3) 107.8(3) C( 4)-C(13)-C( 14) 109.0(4) 
Co(l)-N(2)-C(4) 117.4(3) C(8)-C(13)-C(l2) 110.7(4) 
C(8)-C(13)-C(14) 107.7(4) C(12)-C(13)-C(14) 107.8(4) 
Twist Angles {deg) 
N(l)-M(135)-M(246)-N(2) 54.3 
N (3)-M(135)-M(246)-N ( 4) 54.0 
N ( 5)-M( 135)-M(246)-N ( 6) 54.2 
* M(135) is the midpoint of N(l), N(3) and N(5); M(246) is the midpoint of N(2), N(4) 
and N(6). 
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3.3.6 Chemical and Reactivity Properties 
As mentioned in the Introduction, the [Co(sen)]3+ ion is an important template and 
various tribasic acids may be' used in conjunction with formaldehyde to form encapsulated 
complexes. In these reactions, the coordinated methanimines are important intermediates, 
and it is importantto investigate the reactivity of the isolated trismethanimine, [Co(CH2)3-
sen)3+, with different tribasic. acids. The seemingly obvious advantage of this approach 
is that the preformation of the coordinated imine may improve the efficiency of some 
syntheses in which there are substantially different reaction rates for the reaction of the 
hexaamine Co(Ill) template with formaldehyde and the subsequentreactions with the 
tribasic acids and tribasic acids will not react or only partially react with coordinated 
-
amine template. It is likely that new cages would be sy1'thesised by this route. 
3.3.6.1 Reactions of [Co(CH2h-sen]3+ with Acetophenone 
As mentioned in the introduction to this chapter, the [Co(sen)]3+ complex reacts 
with formaldehyde and acetophenone in acetonitrile to form 24% of the apically-
substituted benzoyl cage and 46% ofa phenyl-substituted imine cage. (Scheme 3.9) 
or 
{ [Co(sen)]
3+ ··} 
+ (CH20)n 
Q 
r+; 
N~l/NHJ ( 'eom 
CH3CN, base /I "-NH NH lp 
40% 
or 
{ 24%} 
(1) 
+ 
23% 
or 
{ 46%} 
(2) 
Scheme 3.9. Comparison of [Co(CH2)3-sen]3+ and [Co(sen)]3+ Template Reactions 
with Acetophenone in Acetonitrile. 
84 Chapter Three 
By using the [Co(CH2)3-sen]3+ template in this particular experiment, a somewhat 
different result was obtained as shown in Scheme 3.9. This time the apically-substituted 
benzoyl compound (1) was isolated as the major product rather than the aside-substituted 
molecule (2). The result confirms the expected selectivity of the coordinated 
trismethanimine for forming the apically-substituted cages and thiS-is important for some 
syntheses, such as the aldehyde substituted cage is discussed in detail later. 
The compounds (1) and (2) are easily identified by their NMR spectra. The 
spectra for {1) are given in Appendix 3.7 and 3;8, and the spectra for (2) are given in 
Appendix 3.9 and 3.10. In the case of the lH NMR, the aromatic proton signals are 
located between 7 and 8 ppm and the cage proton signals located between 2 and 4 ppm 
-
for both complexes except that the methyl group proton resonances are at ca. 1 ppm. For 
the 13C NMR spectrum the aromatic signals appear between 120 and 140 ppm and the 
cage carbon resonances are between 20 and 60 except that (1} has one carbonyl signal at 
202.8 ppm and (2) has an imine carbon signal at 189.9 ppm. The 13C NMR spectrum 
shows clearly that compound (1) has a higher NMR time average symmetry (7 signals 
for cage carbons) than that of (2) (15 signals for cage carbons). 
Using the coordinated trismethanimine as a starting reagent results in 40% of the 
apically-substituted cage and 23% of aside-substituted cage. The results obtained for this 
reaction.have several implications. Firstly, a coordinated methanimine readily loses 
formaldehyde to form an amine which then deprotonates and reacts with the carbonyl 
group of the ketone. Secondly,. the reaction of a pendant ketone group with the amine is 
quite fast compared with other possible reactions. Thirdly, both the saturated and 
unsaturated cages, are quite stable even under basic conditions. A proposed mechanism 
for the reaction of [Co(CH2)3-sen]3+ with acetophenone in basic acetonitrile is depicted in 
Scheme 3.10. 
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Scheme 3.10. The Mechanism for the Reaction of [Co(CH2)3-sen]3+ with 
Acetophenone in Acetonitrile. 
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This mechanism not only accounts for the main products (1) and (2) but also 
minor products of (3) and (4). It is especially important that compounds (3) and (4) 
were formed and isolated because this supports and helps to identify the reaction 
mechanism. Compounds (3) and (4) have been fully characterised by NMRtechniques 
and will be discussed in detail below. 
Compound (3) is an unusual molecule containing a methylene bridge and no such 
compound was isolated in the reaction of [Co(sen)]3+, formaldehyde and 
acetophenone.[17] The lff NMR spectrum of (3) in D20, Figure 3.14, shows clearly 
that only one methyl group is present in the spectrum at 0.98 ppm. A pait:of doublets 
between 5.1 and 5.6 ppm were assigned to the methylene bridge protons. The signals 
between 7.5 and 8.1 ppm have been assigned to the aromatic proton resonances. The 
remaining signals between 2.3 and 3.9 ppm, which are extensively overlapped, were 
assigned to the cage methylene proton resonances except for those of the methylene 
bridge. 
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Figure 3.14. 300 MHz lff NMR Spectrum of (3) in D20 (dioxane 3.7 ppm). 
The 13C NMR spectrum of (3) in D20 (Figure 3.15) shows 15 peaks for the cage 
carbon atoms including a methyl group at 19.90 ppm and a methylene bridge carbon at 
82.38 ppm. The methyl-substituted quaternary carbon was assigned to the signal at 
45 .45 ppm and the me thine carbon was assigned to the signal at 41.16 ppm from APT 
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spectra. The carbonyl group was assigned to the signal at 199.82 ppm. All other 
aliphatic carbon signals were between 46 and 65 ppm, and aromatic carbon signals were 
between 129 and 136 ppm. 
Figure 3.15. 75 MHz 13C NMR Spectrum of (3) in D10 (dioxane 67.4 ppm). 
Complex ( 4) is more interesting than (3) because its isolation confirms some 
aspects of hypotheses concerning the synthetic mechanism of the cage complexes. In 
particular the carbinolamine group and methanimine group are clearly implicated as 
important intermediates in the formation of the hexamine cages, even in the aqueous 
reactions. 
The 13C NMR spectrum of (4), Figure 3.16, consists of 13 signals. Those at 
20.04 and 39.60 ppm were assigned to the methyl carbon atoms by a DEPT spectrum. 
The peak at 20.04 ppm is obviously due to the cap methyl group and the peak at 39 .54 
ppm is therefore attributed to the methyl group attached to a nitrogen atom. The signal at 
176.32 ppm is consistent with a methanimine carbon resonance. The intensity of the 
signal at 83.25 ppm is similar to that for the methyl groups and the imine group, so it is 
attributed to just one carbon atom and is assigned to a carbinolamine carbon resonance. 
The peak at 46.14 ppm is assigned to the quaternary carbon from both APT (Dl = 0.004) 
and DEPT spectra. The remaining signals at 49.22, 52.01, 53.75, 56.87, 62.46, 64.28 
and 64.87 ppm have been assigned to the methylene carbon atoms of the sen frame. 
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Figure 3.16. 75 MHz 13C NMR Spectrum of (4) in D20 (dioxane 67.4 ppm). 
i 
The lH NMR spectrum of (4) (Figure 3.17) consists of two sharp signals at 0.99 
and 2.47 ppm which are assigned to the methyl group protons from the HETCOR 
spectrum, Figures 3.18 and 3.19. One pair of doublets at 7.6 and 8.0 ppm are assigned 
to the two imine protons. The other doublet pair at 5.2 and 6.1 ppm is assigned to the 
carbinolamine methylene proton resonances. The remaining signals between 2.3 and 4.1 
ppm have been assigned to the methylene protons at the.sen fragment. 
8 7 6 5 4 3 2 ppm 
Figure 3.17. 300 MHz lH NMR Spectrum of (4) in D20 (dioxane 3.7 ppm). 
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Figure 3.18. Expanded HETCOR Spectrum of (4) in 0.1 MDCI. dl = 1, np = 
2048, ni = 256, fn = 2048, fnl = 1024. 
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Figure 3.19. 300 Hz HETCOR Spectrum of (4) in 0.1 MDCL dl = 1, np = 2048, 
ni = 256, fn = 2048, fnl = 1024. 
3.3.6.2 Reactions of [Co(CH2h-sen]3+ with Acetylaldehyde 
Previous work[14] has shown that cage complexes may be synthesized efficiently 
from the condensation of [Co(sen)]3+ with acetylaldehyde and formaldehyde, but the 
yield for the apically substituted formyl product was lower than 5% by this route. 
Because the resulting formyl substituent in the cap opens up new routes for connecting 
various other functional groups, it would be valuable to synthesize such a reagent more 
efficiently, which could prove a useful and important contribution to future cage 
chemistry. The aldehyde substituted cage was formed more efficiently by using the 
isolated trismethanimine rather than the in-situ generated trismethanimine and the further 
development of this chemistry is now explored. 
Under basic conditions the condensation of [Co(CH2)3-sen]3+ with 
acetylaldehyde in acetonitrile formed two major products A (51%) and B (34%) as 
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shown in Scheme 3.11. The reaction is more efficient than that of the [Co(sen)]3+ 
reaction with the in-situ reagents, especially with respect to the yield of the formyl 
substituted cage A (51 % ). The chloride salts of both products are very soluble and stable 
in water. The acetate salt of A is not only soluble in water but also in methanol and 
ethanol and this should enable it to be readily reacted with other organic functional 
groups. Properties and reactivity of the compound A will be studied and discussed in 
Chapter Eight. 
11 II 11 (~<J 
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Scheme 3.11. The Major Compounds Arising from the Reaction of [Co(CH2)3-sen]3+ 
with Acetylaldehyde in Acetonitrile. 
In order to optimise the synthesis, various conditions were employed in the 
reactions. Some of the results are listed in Table 3.6 which indicates that the reaction 
conditions of 4 give the most efficient synthesis of A. Important information about the 
reaction mechanism was also obtained by an analysis of the results. 
Several point are clear from the Table 3.6. Firstly, the triflate salts give lower 
yields for A than do the chloride salts, and the reason is probably due to the higher 
solubility of triflate salts which allow more imine loss under the basic conditions in 
acetonitrile. The fairly high yield of A also reveals that even under basic conditions the 
coordinated imines are quite stable, and if the condensation reaction is fast enough, the 
apically substituted cage is formed readily. Secondly, under neutral conditions neither A 
nor B were produced, and this result implies that the deprotonated reactants are not 
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kinetically accessible without a basic catalyst. An instant colour change for the reaction 
mixture from orange to dark purple also indicated that .partial deprotonation of the 
coordinated amines of the [Co(CH2h-sen]3+ complex occurred when triethylamine was 
added. The deprotonated acetylaldehyde was also kinetically accessible when 
triethylamine was added. Thirdly, the yield of the complex B-decreased when the 
reaction time was increased. This is not clearly understood at present. One possibility is 
that some compound B can rearrange to A, and a mechanism is depicted in Scheme 3.12. 
T bl 36 n·f~ a e . . 1 erent R eactton c ct•. on 1t1ons ~ h S h . f A dB or t e ;ynt es1s o an 
Salts base time Products ( % ) 
-
No. ml min A B 
1 CF3S03- 0.7 0.5 34 56 
2 CF3S03- 0.7 2 38 42 
3 CF3S03- 0.7 60 42 23 
4 c1- 0.7 2 51 34 
5 c1- 0.7 90 46 15 
6 c1- 1.4 2 40 25 
7 c1- 0 360 0 0 
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Scheme 3.12. Proposed Rearrangement of B to A Under the Basic Condition in 
Acetonitrile. 
Under the experimental conditions other side reactions can clearly occur and it was not 
possible to convert all of B to A just by longer reaction times. Fourthly, the reactions 
indicated t,liat the yield of cc,>mpound A increased with the increase of reaction time but 
after two minutes this increase became negligible. For the chloride salts, the reaction to 
produce A was virtually_coIIJ,plete after two minutes. It is also reasonable to say that A is 
more stable than B under the basic conditions and that the reaction of [Co(CH2h-sen]3+ 
' .... 
with acetylaldehyde is fast. Finally, one of the experiments shows that increasing the 
co.ncentration of base decreases both the yield of A and B. The primary aim of the 
increase in base was to increase the reaction rate of the [Co(CH2)3-sen]3+ with 
acetylaldehyde. However the result indicates that the decomposition rate of the 
coordinated triimine increases just as effectively as the rate of the desired reaction. 
Considering the fairly high yields of B, the triimine must lose one imine fairly 
rapidly to form B. Another inference is that the reaction of the base activated weak acid, 
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acetylaldehyde, with activated imine is fast and this is also true for the reaction of the 
deprotonated coordinated amine with the carbonyl group. A possible mechanism for the 
imine elimination is shown in Scheme 3 .13. The first step is the water attack on the 
activated methanimine under basic conditions followed by a intramolecular proton 
transfer and then base catalysed loss of formaldehyde. · The presence of the water seems 
to be the key requirement for the formation of the imine cage. It is believed that water 
attack on the methanimine is very fast, and even a trace amount of water presence could 
induce the process. The formation of one imine cage also generates one water (Scheme 
3.13) and the water is therefore a catalyst for the process. 
(OH2 0 
OH2 (<j>H HCHO I 
CH2 CH2 CH2 (II I CNH J_eNH NH2 
' 
base e' "' "' H20 "' M M M M M 
Scheme 3.13. The Elimination Mechanism of Coordinated Methanimine in 
Acetonitrile. 
The overall reaction mechanism is believed to be similar to that given in Scheme 
3.14. The first step is the deprotonated weak acid nucleophilic attack on the activated 
imine group followed by a rapid intramolecular attack of the pendant carbanion group. 
There are two possible paths, however, for the third step. One gives the imine cage and 
the other gives the apically substituted formyl cage. Clearly both are competitive. In the 
former, a molecule of formaldehyde is lost allowing the pendant formyl group to 
condense with the deprotonated amine. In the latter path the reactant is simply 
functioning as a triacid base and nucleophile in the same way as CH3N02 does informing 
the apically substituted nitro capped cage. 
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Scheme 3.14. Proposed Mechanism for the Synthesis of A and B. 
The compound A has been fully characterised by 1 H and 13C NMR spectra which 
are given in Figure 3.20s and 3.21. 
:£ c~<NH) * 
r::p 
10 9 8 . 7 6 5 4 3 2 ppm 
Figure 3.20. 300 MHz lH NMR Spectrum of A in D20 (dioxane 3.7 ppm). 
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In the 1H NMR spectrum, the most notable peaks are the methyl group protons at 
0.85 ppm and the protons of the hydrated form of the aldehyde at 4.80 ppm. If the solid 
A is not recrystallized from acid solution, the nitrogen proton resonances at 6.82 ppm 
will not be observed due to their fast exchange with D20 under neutral conditions. 
"J; 
~ NH 
;i; C~<l * ~ 1 ~ ~ ~ "' ~ 0 
I 1 1 
"' l:p ID I I 
90 80 70 60 50 40 30 20 10 ppm 
Figure 3.21. 75 MHz 13C NMR Spectrum of A in D20 (dioxane 67.4 ppm). 
The 13C NMR spectrum of A shows 6 signals. The peak at 20.27 ppm was 
assigned to the methyl group and the peak at 90.59 ppm to the hydrated form of the 
aldehyde carbon. Both peaks at 42.90 and 52.65 ppm were assigned to the quaternary 
carbon resonances by an APT spectrum. In comparison to analogous cage compounds, 
the peak at 42.90 ppm was attributed to the methyl capped quaternary carbon and the 
peak at 52.65 ppm to the aldehyde capped quaternary carbon. The peak at 50.91 ppm is 
believed to be due to the aldehyde capped methylene carbon. That at 55.53 ppm is 
ascribed to three overlapped signals for en and methyl capped methylene carbon atoms. 
3.3.6.3 Reactions of [Co(CH2)3-sen]3+ with 4-Acetylbenzonitrile 
4-Acetylbenzonitrile is an analogous to acetophenone but with a useful cyano 
functional group attached. If this molecule could be used to cap the [Co(CH2) 3-sen]3+ 
complex forming a cage new substituted aromatic derivatives cages containing useful 
functional groups would be accessible. 
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The reaction of [Co(CH2)3-sen]3+ with acetylbenzonitrile was carried out by a 
similar method to that used for the reaction of [Co(CH2h-sen]3+ with acetophenone. The 
reaction gave even yields of the apically substituted cage than the acetophenone reaction, 
possibly because the former species is less readily deprotonated due fo the electron donor 
nature of the -CN group, and therefore less susceptible t-o-other side reactions such as 
organic condensations. Three pure complexes were isolated from the reaction mixture. 
They are depicted in Scheme 3.15 and were fully characterised by NMR techniques. 
N 
NC 
(a) (b) 
+ 
(c) 
CN 
Scheme 3.15. Reaction of [Co(CH2)3-sen]3+ with Acetylbenzonitrile in Acetonitrile. 
The NMR spectra of compound (a) in D20 show that there is an equilibrium 
between the ketone and itshydratedfom. In.the lH NMR spectrum two methyl signals 
were observed at 0.87 and 0.89 ppm instead of one, and also two sets of doublets for the 
aromatic protons were observed between 7 .5 and 8 ppm. The 13C NMR spectrum 
displays one signal at 202.10 ppm and another at 97 .28 ppm which are attributed to the 
carbonyl and diol hydrate respectively. However, whenever the solid was dissolved in 
37% DCl, then only one form was observed in the spectra, eg. the 13C NMR spectrum 
(APT) in Figure 3.22. 
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Figure 3.22. 75 MHz 13C NMR (APT, D2=0.007 sec.) Spectrum of (a) in 37% DCl 
(dioxane 67.4 ppm), (One signal at 202.10 ppm did not shown here). 
The APT spectrum of the compound (a) in 37% DCl shows clearly that it only 
displays one methyl signal at 20.57 ppm and two methine signals at 128.50 and 130.30 
ppm. The peak at 202.10 ppm was assigned to the carbonyl signal. The peaks at 43.3 
and 59.46 ppm were confirmed as quaternary carbon resonances by another APT 
spectrum (02=0.004 sec.), and the peaks at 59.46 and 43.3 ppm were assigned to the 
ketone capped quaternary carbon and methyl capped carbon resonances respectively. All 
cage methylene carbon signals are in the region between 51 and 56 ppm. The other 
substituent group carbon atom signals are between 130 and 17 5 ppm. 
The chloride salt ofthe solid (b) readily dissolved in D20 and was found to be 
stable in water for months. The lH NMR spectrum is shown in Figure3.23. 
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8 7 6 5 4 3 .2 ppm 
Figure 3.23. 300 MHz lH NMR Spectrum of (b) in D20 (dioxane 3.7 ppm). 
The lH NMR spectrum of (b) in D20 (Figure 3.23) shows one methyl signal at 
0.98 ppm, and a pair of doublets belonging to aromatic protons between 7.7 and 8.0 ppm 
(J = 8.5 Hz). Several broad peaks between 6.2 and 7.0 ppm are believed to be due to the 
NH protons which had disappeared when another spectrum was run days later. 
Normally this kind of exchange of proton with deuterium is fast for other CoN6 cage 
species in neutral D20. It is believed that some HCl was occluded in the solid, which 
reduced the exchange rate. A multiplet at 4.0 ppm with one proton intensity has been 
assigned to the methine proton. The remaining signals between 2.3 and 3.6 ppm were 
assigned to the cage methylene protons. 
The APT spectrum of (b) in D20 (Figure 3.24) shows one methyl peak at 20.82 
and one methine carbon signal at 50.51 ppm which was assigned to the cap methine 
carbon. There are two other methine signals at 129.57 and 134.17 belonging to the 
aromatic methine carbons. The methyl cap quaternary carbon was assigned to the signal 
at 41.70 ppm and the imine quaternary carbon was assigned to the signal at 188.80 ppm 
by another APT spectrum (D2=0.004 sec.). The other cage carbon atoms give signals 
between 48 and 59 ppm, and the aromatic carbons give signals between 116 and 137 
ppm which were confirmed to be quaternary carbons the by APT spectrum. 
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Figure 3.24. 75 MHz APT Spectrum (02=0.007 sec.) of (b) in D20 (dioxane 67.4 
ppm). 
The chloride salt of the orange compound (c) also readily dissolved in D20 and 
was stable in D20. 
8 
/\ N(-;I NH 
c ~< J 
rp 
7 
CN 
6 5 4 3 2 
Figure 3.25. 300 MHz lH NMR Spectrum of (c) in D20 (dioxane 3.7 ppm). 
ppm 
The lH NMR spectrum of (c) in D20 (Figure 3.25) shows one methyl proton 
signal at 0.99 ppm, a pair of doublets at 5.2 and 5.5 with J = 14 Hz which are believed to 
be due to the methylene bridge protons, and another pair of doublets at 7.8 and 8.0 ppm 
with J = 8 Hz attributed to the aromatic protons. Another notable signal is a one-proton 
triplet at 4.4 ppm with J = 12 Hz, which is assigned to be the cap methine proton by the 
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HETCOR spectra below, Figure 3.27 and Figure 3.28, in which a cross peak links both 
a 1 H NMR peak at 4.4 ppm and a 13C NMR peak at 41.6 ppm. 
11 
180 160 140 120 100 pp 
Figure 3.26. 75 MHz 13C NMR (APT, D2=0.007 sec.) Spectrum of (c) in D20 
(dioxane 67.4 ppm). 
The 13C NMR (APT) spectrum of (c) in D20 (Figure 3.26) consists of 20 
signals. That at 19.96 ppm is ascribed to the methyl group and those at 129.9 and 134.1 
ppm are attributed to the aromatic methine carbons. The peak of 41.6 ppm is assigned to 
the cap methine carbon due to its coupling with the 4.4 ppm one-proton peak in the 
HETCOR spectrum, Figure 3.27. The methyl cap quaternary carbon is assigned via the 
APT spectrum (D2=0.004 sec.) as the peak at 45.5 ppm and the HETCOR spectrum also 
shows no C-H coupling related to the peak. The signal at 82.4 ppm is assigned to the 
methylene bridge carbon resonance. The signal at 198.36 ppm is assigned to the 
carbonyl carbon atom. The signals at 117.19, 119.28 and 138.43 ppm have been 
assigned to the aromatic and cyano carbon atoms. The remaining signals between 48 and 
65 ppm are assigned to the cage methylene carbon atom except fore the methylene bridge 
carbon at 82.36 ppm. 
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Figure 3.27. Expanded HETCOR Spectrmn of (c) in D20 (dioxane 67.4 ppm). 
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Figure 3.28. Complete HETCOR Spectrum of (c) in D20 (dioxane 67.4 ppm). 
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3.3.6.4 Reactions of [Co(CH2h-sen]3+ witli 9-Acetylanthrancene 
It is particularly useful to assemble cage complexes containing organic 
photosensitisers by relatively facile routes, since these molecules can act as linked 
sensitisers and electron acceptors.[15, 16] In this study, 9-acetylanthfacene was reacted 
with [Co(CH2)3-senJ3+ and formed two complexes whieh are different anthracene-
substituted cages. Scheme 3.16. The relatively large number of photosensitive acetyl 
aromatics available, and the reasonable yields of the cages by this facile route, make it a 
very versatile method for the assembly of phot-0aetive cage systems. 
11 II 11 N c~~c1 
r:p 
N(<NH NH 
c ~,\ J 
NH NH NH 
lfi% 
(I) (II) 
Scheme 3.16. Reaction of [Co(CH2)3-sen]3+ with Anthracene in Acetonitrile. 
The reaction proceeded a little differently from those involving acetophenone and 
acetylbenzonitrile, in which the imine cages as well as the apically-substituted saturated 
cages were isolated. In this reaction, only the apically-substitute~ cages have been 
isolated in relatively high yield. It is believed that this is due to the steric hindrance of the 
anthracene ,group which precludes the ketone from condensing at the amine site. 
Therefore, relatively higher yields of (II) were also obtained. 
The chloride $alt c;>f compound (I) (orange) i$ only slightly soluble 'in water, 
chloroform, ethanol or methanol but it is quite soluble in DMSO. In DMSO-d6, the 1 H 
NMR spectrum of (I) (Figure 3.29) displays a signal due to one methyl group at 1.17 
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ppm. The signals of the aromatic protons lie between 8.0 and 9.3 ppm and the signals of 
the cage protons are between 2.6 and 3.8 ppm. 
9 8 7 6 5 4 3 2 ppm 
Figure 3.29. 300 MHz lH NMR Spectrum of (I) in DMSO-d6 (DMSO-D6 2.49 
ppm). 
The 13C NMR spectrum of (I) in DMSO-d6 (Figure 3.30) shows 6 signals for 
the cage carbon atoms. The peak at 42.65 ppm is assigned to the methyl-cap quaternary 
carbon and the peak at 61.02 ppm is assigned to the anthracene-cap quaternary carbon by 
an APT spectrum. The methyl group signal appears at 19.77 ppm and that of the 
carbonyl group at 207.61 ppm. All of these data indicate an effective C3 symmetry for 
the cage portion of the molecule. 
I"' 'I' '"I"' 'I'"' I"' 'I' '"I"' 'I'"' I" "I'"' I"' 'I'"' I'" 'I''" I" "I'"' I'" 'I''" I" "I' 
200 180 160 140 120 100 80 60 40 ppm 
Figure 3.30. 75 MHz 13C NMR Spectrum of (I) in DMSO-~ (DMSO-D6 39.5 
ppm). 
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It is intriguing that the fourteen aromatic carbon atoms display eleven signals in the 
' spectrum. This part of the molecule is expected to average C2 symmetry which means 
that there should be eight not eleven signals. If is believed that due to the close distance 
between the cage and anthracene the anthracene group cannot rotate freely or rotates quite 
slowly on the NMR time scale about the pseudo C2 axis-so-that the environment of each 
carbon of the anthracene is different. This interpretation is consistent with the steric 
hindrance argument proposed early for the absence of the imine cage in the reaction 
mixture. Similar steric problems also occurred in the attempted reaction below, Scheme 
3.17, where no cage formation is observed.[9] 
+ 
, 11 II II 
N (~(J 
r::p 
Scheme 3.17. Proposed Reaction According to Ref.[9]. 
In order to determine whether the anthracene group is non-rotating or rotating 
slowly on the NMR time scale, a variable temperature NMR study was undertaken. The 
results showed that even when the solution was heated to 75°C there were no changes in 
the 13C NMR spectrum. 
The chloride salt of the compound (II) (orange) is slightly soluble in ethanol or in 
water, and a little more soluble in DMSO. However, it is quite soluble in an ethanol and 
water mixture solution. The 13C NMR spectrum of (II) in DMSO-D6 (Figure 3.31) 
shows fourteen signals for the cage carbon atoms, plus one at 19.74 ppm for the methyl 
carbon and another at 206.19 ppm for the carbonyl carbon. The signal at 44.63 ppm is 
106 Chapter Three 
assigned to the methyl capped quaternary carbon and that at 48.18 ppm to the cap methine 
carbon. There are eight signals for the anthracene carbon atoms and the signals at 
127.48, 130.86 and 133.39 ppm are assigned to the quaternary carbons. The signal at 
133.39 is likely to be the carbon connected to the carbonyl group and the peaic._ at 130.86 
is probably due to the aromatic quaternary carbon atoms closest to the carbonyl group. 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I' I I 'I I I I I I' I I '.I I I ii I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
200 180 16Q 140 120 100 80 60 40 ppm 
Figure 3.31. 75 M;Bz 13C NMR Spectrum.. of (II) in OMS0-06 (OMS0-06 39.5 
ppm). 
3.3.7 Electrochemistry 
The redox potential for the [Co(CH2h-sen]3+12+ couple was found to be - 0.423 
V vs SCE. The cyclic voltammogram in 0.1 M CF3S03Na is given in Figure 3.32 and 
the M> value of 0.064 V indicates a reversible one electron process. 
20 
15 
10 
< 
:::::J 
- 5 
0 
-5 
-10 
1000 
Chapter Three 107 
500 0 -500 -1000 
E (mv, vs SCE) 
Figure 3.32. The Cyclic Voltammogram of [Co(CH2)3-sen](CF3S03)3 in 0.1 M 
CF3S03Na. Conditions: Au Working Electrode; Scan Rate 100 mV s-1; 0.1 M NaCl 
Bridge and 25°C. 
The CV comparison of the [Co(sen)]3+12+ and the [Co(CH2)3-sen]3+t2+ couples, 
performed in water (0.1 M NaCl) are shown in Figure 3.33. Both CV are essentially 
reversible and one electron processes, (Table 3.7) but the [Co(CH2)3-sen]3+12+ couple 
has a redox potential of -440 mv which is 178 mv more positive than that of the 
[Co(sen)]3+12+. This is not unexpected since the triimine ligand should have a more 
electron donating field which would relatively stabilise the Co(II) state in the absence of 
large differences in steric factors. 
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Figure 3.33. The Cyclic Votammograms of [Co(sen)]Cl3 and [Co(CH2)3-sen]Cl3 in 
0.1 M NaCl. Conditions: Scan Rate of 100 mV s-1; Au Working Electrode; 0.1 M NaCl 
Bridge and 25°C. 
The electrochemical data in Table 3.7 also show that the redox potential of the 
[Co(CH2)3-sen]3+/2+ in different electrolytes is somewhat different. The change may be 
interpreted as being due to different solvent and ion association effects in the different 
solutions. Another notable difference in the AP between the chloride and triflic anions 
could arise from anion effects at the electrode. 
Table 3.7. Electrochemical Data for the Couples of the [Co(sen)]3+12+ and the 
[Co(CH2)3-sen]3+12+. 
compound electrolytes E112. mv AP, mv idiR 
[Co(CH2)3-sen](CF3S03)3 0.1 M CF3S03Na -423 64 -1 
[Co(CH2)3-sen]Cl3 0.1 MNaCl -440 86 -1 
[Co(sen)]Cl3 0.1 MNaCl -618 89 -1 
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3. 4 Conclusions 
The coordinated trismethanimine complex of [Co(CH2)3-sen]3+ has been isolated 
in 98% yield by using common reagents in a very facile process. In this reaction, the 
condensation rate of [Co(sen)]3+ template with formaldehyde is very fast at 20°C and the 
[Co(CH2)3-sen]3+ compound is the only observed product if the reaction is quenched at 
the correct time. 
The molecular structure of the [Co(CH2)3-sen]3+ ion was established by a single 
crystal X-ray analysis. The solid state complex ion has the lel3 conformation. It was 
found that there is some 1t delocalisation over the Co - N = C moiecy of the methanimine 
N. 
The triimine complex is very stable under acid conditions in both aqueous and 
nonaqueous solution. The solid state complex is stable at temperatures lower than 120°C. 
Even under neutral conditions in aqueous solution the complex is ratlier stable, and after 
90 days less than 10% decomposition occurs. 
Under basic conditions, the coordinated methanimine of [Co(CH2)3-sen]3+ 
decomposes quite rapidly in the presence of H20. However, if the attack of nucleophilic 
reagents at the imine carbon atom is sufficiently fast then the capping reactions proceed 
efficiently. The overall reactivity of [Co(CH2)3-sen]3+ with a wide range of nucleophiles 
is remarkable, and it is proving to be a very useful synthon. The preformed 
trismethanimine complex generally gives different product ~distributions from the one pot 
synthetic route. All reactions show that the trismethanimine is particularly suitable for the 
addition of nucleophiles with trigonal symmetry, and leads to good yields of apically 
substituted cage complexes. Several important intermediates as well as several new cage 
molecules have been isolated. 
The electrochemical study reveals a reversible CV for the [Co(CH2)3-sen]3+ 
complex. 
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CHAPTER 
Syntheses, Structures, Reactivities and Properties of 
[Co((CH2)2-en)3]3+ and [Co((CH2)3-tame)2]3+ 
4. 1 Introduction 
113 
1,2-Ethanediamine, once described as "God's gift to the coordination chemist", 
has been a very useful ligand for a century.[1] Chelate complexes of ethylendiamine have 
provided many of the examples on which the theories of coordination chemistry are 
founded. One such example has been regarded as compelling evidence for the octahedral 
stereochemistry when cis-.[C0Cl(enh(NH3)]2+ was separated into its enantiomers by 
Wemer,[2] and a very rich branch of coordination chemistry was developed on the basis 
of such complexes. 
Over the past forty five years the X-ray crystallographic analysis of the relatively 
simple tris(ethylendiamine) complexes, [M(en)3] 0 +, has received considerable 
attention.[3] The [Co(en)3]3+ cation has been one of the most studied molecules and 
much effort has devoted to the analysis of its stereochemistry. Werner recognised the.two 
enantiomeric arrangements of the ligands about the metal ion, and resolved the racemic 
[Co( en)3]3+ ion into its chiral forms now called A and L\. More recently the two possible 
conformations for each individual chelate ring in the [M(en)3]0 + ion were named lei and 
ob.[1] In the lei form the carbon - carbon bond is nearly parallel to the three fold axis of 
the metal complex, whereas in the ob conformation it forms an oblique angle with this 
[ 
I 
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axis. Therefore the octahedral [M( en)J]n+ ion has four different possible conformations 
which are lel3, lel2ob, lelob2 and ob3, with lel3 for example being equivalent to Li (A A. 
A.) or A (O o o) in the IUP AC nomenclature, and so on. According to the original Corey 
and Bailar calculations, the stability sequence for the isolated molecule is: lel3 >lel2ob 
>lelob2 >ob3. The calculation of the relative energies of the lef 3 and ob3 configurations 
was based simply on a comparison of the nonbonded interactions in the systems and 
predicted the lel3 form to be 1.8 kcal mol-1 (7.53kJ mol-1) lower in energy than ob3.[4] 
There have been many more elaborate evaluations since then with similar relative results. 
One study which included some entropy contributions indicated-that-lel2ob would 
be nearly equal in stability with the lel3 configuration.[5] For the [Co(en)3]3+ ion the lel3 
-
form has been calculated to be more stable than the ob3 form by about 7.6 KJ mol-1.[6] 
Despite the preclusion of outer sphere contributions in these theoretical· arguments, the 
large majority of X-ray structure determinations of the [Co(en)3]3+ ion have also revealed 
the lel3 form in different fattiees, while only a few have shown one of the mixed le[iob 
and lelob 2 systems. The solid state structures need not, however, mimic the favoured 
solution structures. It is likely that for the [Co(en)J]3+ ion in solution the lel2ob form is 
the most stable one partly forenthalpic and partly for statistical reasons,[7] and this has 
been shown in several NMR and conformational analysis studies. Unlike the. A and a 
configurations, these conformers are very labile at the temperatures suitable for solution 
NMR studies(>- 100°C). 
The essence of the structures, however, is that the metal ion holds the ligands in a 
relatively fixed array so that the [Co(en)3]3+ ion has the potential to be used as a template 
for organic chemistry. In the last 30 years it has been recognised that a very efficient way 
to form aza macrocycles from coordinated amine complexes is to react them with 
nucleophiles in the presence of formaldehyde and base under mild conditions. For 
example, complexes such as [Co(en)J]3+ react with formaldehyde to give coordinated 
methanimine intermediates, which live long enough to react with nucleophiles such as the 
nitromethane carbanion or ammonia to complete an encapsulation process. A well known 
example is illustrated in Scheme 4.1 [8, 9]. 
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In the previous chapter a coordinated trismethanimine complex was isolated in 
quantitative yield from the reaction of [Co(sen)]3+ ion with formaldehyde. Studies of this 
triimine compound demonstrated its versatility in synthetic assembly applications. These 
results implied that it might be possible to isolate a novel hexamethanimine complex of 
[Co((CH2h-en)3]3+ by reaction of [Co(en)3]3+ with formaldehyde. 
,OH 
CH2 
I NH H~~o,. ClKNHj 
NHz NH2NH2 
Scheme 4.1 
The complex [Co((CH2h-en)3]3+ also has prospects for use as an important 
synthetic reagent. Similar to the triimine complex of [Co(CH2h-sen)]3+, it could react 
with acetaldehyde at both ends and a dialdehyde-substituted cage would be generated in 
this way. It might also be used to react with one nucleophile to form a cap, and then 
reacted with another nucleophile to form a second cap. One reason for designing a 
versatile route to cages with different caps is to build new types of photosensitive electron 
transfer agents, which have an electron donor group at one end and an electron acceptor 
substituent at the other end. After photon absorption, the electron could transfer from one 
end of the cage through the cage framework to the other end. By using appropriately 
designed cage systems, the charge separation might then be maintained for sufficiently 
long periods to direct the carrier electron. 
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In this chapter, the synthesis and characterisation of the coordinated 
hexamethanimine complex [Co((CH2h-en)3]3+ is addressed and some of its properties 
explored. Another important hexamethanimine complex of [Co((CH2)3-tame)2]3+ has 
also been isolated and some of its properties will be discussed. The materials studied in 
this section presented no difficulties however. 
4. 2 Experimental Section 
4.2.1 Synthesis 
Caution! Perchlorate salts of transition metal complexes are known to be 
potentially explosive under conditions of mild shock and heat, and the appropriate 
precautions should be taken. 
4. 2 .1.1 Tris(N ,N' -dimethylene-1,2-ethanediamine )cobalt(Ill) 
Trichloride Monohydrate, [Co((CH2h·en)3]Cl3·H20. 
[Co(en)3] Cl3·H20 (0.09 mol, 32.72g) and NaCl04 (150g) were stirred with 
acetonitrile (900ml) for one hour, and formed an orange suspension. Under vigorous 
agitation, paraformaldehyde (14.4 mol, 97%, 432g) was added, and then triethylamine 
(90ml) was quickly added. The colour of the mixture solution changed from orange to 
purple instantly. The reaction was quenched after 2 minutes with 150 ml of 6 M HCl 
solution to give a turbid, orange solution. Unreacted paraformaldehyde was filtered off 
and washed with 0.5 M HCl. The orange solution was diluted to 5 L with 0.5 M HCl 
solution and sorbed onto a 70 x 400 mm Dowex 50W-X2 resin column. The column was 
washed with 0.5 M HCl (5 L), and the complex was slowly eluted with 1.5 M HCl (5 L). 
The eluate was evaporated to dryness, the solid redissolved in a minimum amount of 0.5 
M HCl, and methanol added until crystallisation occurred. The pale yellow needle-like 
crystals were filtered off, washed with methanol and then with diethyl ether three times, 
and dried in the air. Yield 27.8 g (71 % ). lH NMR (ppm, dioxane at 3.7 ppm) in 0.1 M 
DCl: 8 4.0 (12H, quintet, CH2); 8 7.7 (6Ha, d, J 7Hz, 6 x methylene CH2); 8 7.97 
(6Hb, broads, 6 x methylene CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in 0.1 M 
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DCl: o 62.08 (6 x en CH2); o 177.45 (6 x methylene CH2). UVNis (Amax (nm), £ft. (M-
lcm-1) ) in 0.1 M HCl: £265 = 6120; £331 = 200; £450 = 164. Anal. Calcd for 
CoC12H24N6Ch·H20: C, 33.08; H, 6.02; N, 19.29; Cl, 24.41; Co, 13.53. Found: C, 
33.15; H, 6.05; N, 19.33; Cl, 23.91; Co, 13.31. The structure of the complex was 
established by a single crystal X-ray crystallographic analysis. 
4.2.1.2 
The [Co((CH2h-en)3](CF3S03)3 was obtained bythe method described in the 
general experimental section in Chapter 2. Anal. Calcd for CoC12Hi~6(CF3S03)3: C, 
23.75; H, 3.19; N, 11.08. Found: C, 23.12; H, 3.05; N, 10.74. 
4.2.1.3 [Co((CH2h·en)3](Cl04)J 
To a 100 ml aqueous solution of 3 M NaCl04 at ca. 20°C was added a 
concentrated solution of [Co((CH2h-enh]Cl3·H20 (0.01 mol, 4.357g) with stirring. A 
yellow precipitate formed during the addition of the complex solution. The precipitate 
was removed by filtration and washed with some cold water to give a yellow power. The 
solid was washed three times with EtOH, once with ether and dried in air. Yield 6.035 g 
(99%). lH NMR (ppm, CD3CN at 2:0 ppm) in CD3CN: o 3.9 (12H, sextet, CH2); o 
7.6 (6Ha, d, J 7Hz, 6 x methylene CH2); o 7.84 (6Hb, broads, 6 x methylene CH2). 
13C NMR (ppm, CD3CN at 1.3 and 117.7 ppm) in. CD3CN: o.61.81 (6 x en CH2); O 
177.75 (6 x methylene CH2). Anal. Calcd for CoC12H2~6(Cl04)3: C, 23.64; H, 3.97; 
N, 13.79; Cl, 17.45; Co, 9.67. Found: C, 23.54; H, 4.09; N, 13.76; Cl, 17.21; Co, 
{. 9.60. 
4.2.1.4 
[Co(en)3](CF3S03)3·H20 (2 mmol, 1.41 g) was dissolved in acetonitrile (20 ml) 
and paraformaldehyde (240 mmol, 7 .5 g) was stirred in the solution for half an hour. 
Triethylamine (28 mmol, 4.0 ml) was added and the reaction mixture was stirred for a 
further two minutes before the reaction was quenched with 6 M HCl (5 ml). Unreacted 
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paraformaldehyde was filtered off and washed with 0.5 M HCl, and the orange solution 
was sorbed onto a cation exchange column (Dowex 50W-X2, H+ form, 20 x 400). The 
resin was washed with 0.5 M HCl (300 ml) and 1 M HCl (300 ml) and the complexes 
were eluted with 1.5 M HCl. Three close main fractions were separated~ which are 
yellow, orange and red-orange in colour. 
F 1. [Co((CH2h-en)3](ZnCl4)i.s·2H20 
Fraction one was evaporated to ca. 30 ml. A 0.8 M H2ZnCl4 solution was added 
carefully and a yellow precipitate formed readily. The solid was collected and washed 
with a little cold water, followed by ethanol and diethyl ether. Yield: 0.159 g (12%). lH 
NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: 8 4.0 (12H, quintet, en CH2); 8 7.7 
(6Ha, d, J 7Hz, 6 x methylene CH2); 8 7.96 (6Hb, broads, 6x methylene CH2). 13C 
NMR (ppm, dioxane at 67.4 ppm) in 0.1MDCl:862.12 (6 xen CH2); 8 177.57 (6 x 
methylene CH2). Anal. Calcd for CoC12H24N6 (ZnCl4)is2H20: C, 21.90; H, 4.29; 
N, 12.77; Cl, 32.32. Found: C, 22.14; H, 4.47; N, 12.55; Cl, 32.67. 
F 2. N,N' -Dimethylene•l,2-ethanediamine(N-methylene-5-oxa-3, 7-
diazanonane-1,9-diamine )cobalt(III) Tetrachlorozincate Monohydrate. 
Fraction two was evaporated to dryness,· redissolved in a small amount of 0.5 M 
HCl and treated with 0.8 M H2ZnCl4 solution. The orange solid was collected and 
washed with some cold water, ethanol and diethyl ether, and then dried in air. Yield 0.88 
g (68%). lH NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: 8 2.7-4.3 (complex 
patterns, CH2); 8 4.3576 and 4.3914, 4.6684 and 4.7016 (dd, 2H, J lOHz, NCH20); 8 
4.5386 and 4.5764, 4.6540 and 4.6917 (dd, 2H, J l l.3Hz, NCH20); 8 7.4-8.0 
(complex patterns, N=CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in 0.1 M DCl: 8 
43.04, 48.32, 51.94, 61.30, 64.55, 65.64 (en CH2); 8 82.43, 84.70 (NCH20); 8 
176.80, 177.58 (N=CH2). Anal. Calcd for CoC11H26N60(ZnCl4)isH20: C, 20.45; 
H, 4.37; N, 13.01; Cl, 32.92; Co, 9.12. Found: C, 20.27; H, 4.14; N, 13.00; Cl, 
32.92; Co, 8.92. 
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F 3. 1,8-Dioxa-3,6,10,13-tetraazatetradecane-(1,2-ethanediamine)-
cobalt(III) Trichloride, [enCo(CsN 402)]Cl3. 
The third fraction was eluted with 4 M HCl and evaporated to dryness. Nice 
crystals were grown by slowly evaporating the complex solution in J M HCI. Yield 
0.134 g (15%). lH NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: o 2.5-3.2 (complex 
patterns, en CH2); o 4.0624 and 4.0971, 4.4377 and 4.4752 (dd, 2H, J lOHz, 
NCH20); o 4.1869 and 4.2244, 4.6162 and 4.6510 {dd, 2H, J lOHz, NCH20). 13C 
NMR (ppm, dioxane at 67.4 ppm) in 0.1 M DCl: o 45.24, 48.19~ 48.80 (en CH2); o 
79.71, 82.15 (NCH2N). Anal. Calcd for CoC10H2sN602Cl3·H20: C, 26.83; H, 6.75; 
N, 18.77; Cl, 23.76; Co, 13.16. Found: C, 27.12; H, 6.55; N, 18.65; Cl, 23.20; Co, 
13.38. The structure of the complex has also been established by a preliminary single 
crystal X-ray structure analysis. 
4.2.1.5 Reaction of [Co(en)3]Cl3·4H20 with Formaldehyde 
To a suspended solution of [Co(enh] Cl3-4H20 (0.004 mol, l.67g), NaCl04 
(7g) and paraformaldehyde (0.048 mol, 1.44 g) in acetonitrile (40 ml), triethylamine (8 
ml) was added with stirring. The colour changed from orange to dark purple instantly, 
and then gradually changed to purple. After 2 hours of stirring, the reaction was 
quenched with 3 M HCl (20 ml). The solid residues of the reaction were removed and 
washed with water. The solution was sorbed on a cation exchange resin column (Dowex 
50W-X2, H+ form, 20 x 300). The column was washed with water and 1 M HCl, and 
the complexes were eluted with 4 M HCl. The eluate, evaporated to dryness, afforded a 
dark blue solid. The solid was dissolved in water (1 ml) and the purple solution was 
evaporated in air. Several days later, large plate-like violet crystals were found in the 
solution. Yield 0.234 g (14%). 13C NMR (ppm, dioxane at 67.4 ppm) in 0.1 M DCl: o 
48.06, 48.24 (en CH2); o 79.85, 80.60 (ether bridge CH2). Anal. Calcd for 
CoCsH20N4Cl3·4H20: C, 23.69; H, 5.96; N, 13.81; Cl, 26.22; Co, 14.53. Found: C, 
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24.57; H, 5.43; N, 13.63; Cl, 26.22; Co, 14.55. The structure of the complex was 
established by a single crystal X-ray crystallographic analysis. 
4.2.1.6 
Nitro methane 
To a solution of nitromethane (0.010 mol, 0.61 g) and triethylamine (0.01 mol, 
1.4 ml), a [Co((CH2h-en)3](CF3S03)3 solution (0.001 mol, 0.758 g) in acetonitrile (50 
ml) was added dropwise over a period of 50 minutes with vigorous stirring. Following 
another 10 minutes stirring, the reaction was quenched by 3 M HCl (6 ml).· The solution 
was diluted with water (250 ml) and sorbed on a cation exchange resin column (Dowex 
-
50W-X2, tt+ form). The column was washed with water and 1 M HCl and all 
complexes were eluted with 4 M HCl. The solution was evaporated to dryness, the solid 
was redissolved in water and the solution was sorbed on a cation exchange resin.column 
(SP-Sephadex C-25, Na+, 55 x 650). The column was eluted with 0.15 M K1S04 
solution. The first yellow orange band was collected and desalted on a Dowex 50W-X2 
resin column. The 4 M HCl eluate was evaporated to near dryness and some AR ethanol 
was added until crystallisation. The orange crystals were collected by filtration. Yield 
0.139 g (25%). The lH and 13C NMR spectra showed that this complex was 
[Co(NO)isar]Cl3. 
4.2.1.7 
Acetylaldehyde 
To a suspension of [Co((CH2h-en)3l(CF3S03)3 (0.003 mol, 1.829 g) and 
acetylaldehyde (0.081 mol, 4.53 ml) in acetonitrile (30 ml), triethylamine (0.03 mol, 4.2 
ml) was added with vigorous stirring. The reaction was quenched after one hour with 
acetic acid (5 ml). The solution was diluted with water (400 ml) and sorbed on a cation 
exchange resin column (Dowex 50W-X2, tt+ form). The column was washed with 
water, 1 M HCl and the complexes were eluted with 1.5 M HCI. Three fractions 
separated, coloured red, yellow and orange respectively. The red and orange fractions 
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were discarded because they were mixtures according to NMR spectra, and there were no 
signals indicating the formyl substituted cage in these fractions. The yellow band was 
collected and evaporated to dryness. The solid (- 0.8 g) was redissolved in water and 
sorbed on a cation exchange resin column (SP-Sephadex C-25, Na+ form, 37 x 800). 
The column was washed with water (1 L) and eluted with 0.1 M K2S04. Four main 
fractions were separated, coloured orange, orange, orange and yellow respectively. The 
first orange band was desalted on a Dowex 50W-X2 resin column and the complexes 
were eluted with 4 M HCL The eluate was evaporated to dryness to yield ca. 0.1 g solid. 
13C NMR (ppm, dioxane at 67.4 ppm) in D20: 8 51.03, 53:66 (CH2); 8 55.24 
(quaternary C); 8 90.94 (C(OH)z). The other orange and yellow bands were mixtures 
according to their NMR spectra, and they were not separated or characterised further at 
present. 
4.2.1.8 
Butyraldehyde 
To a suspension of [Co((CH2h-en)3](CF3S03)3 (0.005 mol, 3.792 g) and 
butyraldehyde (0.045 mol, 2.35 ml) in acetonitrile (50 ml), triethylamine (3.5 ml) was 
added with vigorous stirring. The reaction was quenched after 2.5 min with 6 M HCl 
( 4.5 ml). The solution was diluted with water and sorbed on a cation exchange resin 
column (SP-Sephadex C-25, Na+ form, 70 x 680). The column was washed with water 
(1 L) and eluted with 0.1 M K1S04. Two main fractions were separated, coloured 
orange and yellow respectively. 
F 1. N-Methylene-1,2-ethanediamine(N-hydroxymethyl-N' -methylene-S-
oxa-3, 7-diazanonane-1,9-diamine )cobalt(III) Triperchloride Hydrate. 
The first band was desalted on a Dowex 50W-X2 resin column and eluted with 4 
M HCl, and the solution was evaporated to dryness. The solid was dissolved in a small 
amount of 1 M HCl and treated with concentrated NaC104 solution. The orange solids 
were collected and washed with some cold water, ethanol, diethyl ether and dried in air. 
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Yield 1.79 g (57%). lH NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: o 2.7-5.3 
(complex patterns, CH2); o 7.61, 7.94, 8.14 (broads, methylene CH2). 13C NMR 
(ppm, dioxane at 67.4 ppm) in 0.1 M DCl: o 46.45, 48.51, 49.59, 50.38, 58.50, 64.99, 
72.02 (CH2); o 83.71, 84.71 (NCH20); o 176.72, 179.47 (N=CH2). Anal. Calcd for 
CoC 11 H2sN60(Cl04)3·0.5H20: C, 21.08; H, 4.66; N, 13.41;-Cl, 16.97; Co, 9.40. 
Found: C, 21.02; H, 4.47; N, 13.43; Cl, 17.57; Co, 9.11. 
F 2. (7-(2,5-Diaza-5-hexaenyl)-7-ethyl-2,5,9,12-tetraazatrideca-2,5,12-
triene )cobalt(III) Trichloride Hydrate. 
The second fraction was desalted on a Dowex 50W-X2 resin column, eluted with 
4 M HCl and the elution was evaporated to dryness. The solid was recrystallised from 1 
M HCl by addition of ethanol solution. The complex was collected and washed with 
some cold water, ethanol, diethyl ether and dried in air. Yield 0.095 g (4%). lH NMR 
(ppm, dioxane at 3.7 ppm) in 0.1 M DCl: o 1.04 (3H, t, CH3); o 1.87 (2 H, brnad s, 
CH3CH2); o 2.6-4.4 (complex patterns, 16 H, CH2); o 7.46, 7.56, 7.71, 7.97, 8.11, 
8.57 (6H, s, N=CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in 0.1 M DCl: o 8.53 
(CH3); o 26.27 (CH3CH2); o 54.22 (qC); o 51.74, 52.16, 52.78, 54.59, 60.24, 64.09, 
64.29, 64.38 (CH2); o 175.68, 177.21, 177.39 (N=CH2); o 186.79 (cap N=CH). 
Anal. Calcd for CoC1sH31N6Cl3·3.5H20: C, 35.00; H, 7.24; N, 16.33; Cl, 20.66; Co, 
11.45. Found: C, 34.84; H, 6.87; N, 16.55; Cl, 20.43; Co, 12.02. 
4.2.1.9 Bis(3,3' ,3" -ethylidynetris(2-azaprop-1-ene) )cobalt(III) 
Chloride Tetrachlorozincate Trihydrate, 
[Co((CH2h-tameh](ZnCl4)Cl·3H20. 
An acetonitrile solution (100 ml) of NaCl04 (0.2 mol, 24.5 g), [Co(tame)2]Cl3 
(0.010 mol, 4.00 g) and paraformaldehyde (1.2 mol, 97%, 48 g) at ca. 20°C was stirred 
for 30 min and treated with triethylamine (0.072 mol, 10 ml). The colour changed to dark 
instantly. After the reaction mixture was stirred for 2 min, the reaction was quenched 
with 15 ml of glacial acetic acid. Unreacted solid was removed by filtration and washed 
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with0.5 M HCI. The yellow-orange filtrate was sorbed onto a Dowex 50W-X2 column 
(20 x 200). The column was washed with IM HCl (500 ml) and eluted with 2 M HCI. 
The complex was isolated by evaporation of the solvent and precipitated from a small 
amount of 0.5 M HCl solution by adding 0.8 M H2ZnCl4 solution. The precipitate was 
collected and washed with a small amount of cold water to give a yellow powder. The 
solid was washed three times with EtOH, once with ether and then dried in air. Yield 
1.112 g (17%). lff NMR (ppm, dioxane at 3.7 ppm) in 0.1 M DCl: o 1.19 (6H, s, 2 x 
CH3); o 3.91 (12H, s, 6 x CH2); o 7.5 (6Ha, d, J 7Hz, 6 x methylene CH2); o 7.9 
(6Hb, d, J 5Hz, 6 x methylene CH2). 13C NMR (ppm, dioxahe at67.4 ppm) in 0.1 M 
DCl: o 20.15 (2 x CH3); o 36.94 (2 x qC); o 66.04 (6 x CH2); o 182.22 (6 x 
methylene CH2). UV/Vis (Amax (nm), EA. (M-1cm-1)) in 0.1 M HCl: £216 = 31600; E2s6 
= 13074; £333 = 170; E44g = 91. Anal. Calcd for CoC16H30N6ZnCl5·3H20: C, 29.03; 
H, 5.48; N, 12.69; Cl, 26.77; Co, 8.90. Found: C, 28.84; H, 5.69; N, 12.45; Cl, 
26.38; Co, 9.03. Crystals suitable for X-ray diffraction studies were obtained by slow 
evaporation of 0.5 M HCl solution. The structure of the complex was determined by a 
single crystal X-ray crystallographic analysis. 
( 12-(N-Hydroxymethyl-aminormethy 1)-4, 12-dimethy 1-4-(N-methy lene-
aminomethy l)-8-oxa-2,6, 10, 14-tetraazapentadeca-1,4-diene )cobal t(III) 
Tri perchlorate 
The eluate following that of the hexaimine complex, and the mother liquor from 
the crystallisation of the hexaimine, were evaporated to dryness and redissolved in a small 
amount of water. The solution was sorbed on a SP-Sephadex C-25 column (55 x 650) 
and eluted with 0.2 M K2S04 in 0.1 M HCl solution. Three orange bands separated. 
The first band was very small and was discarded. The second band yielded 0.119 g 
product as the Cl3 salt which was identified by NMR as the starting material 
([Co(tame)2]3+). The third largest band, was desalted on a Dowex 50W-X2 resin column 
and eluted with 4 M HCI. The eluate was evaporated to dryness and the orange solid was 
recrystallised from a small amount of water treated with concentrated NaCl04 solution. 
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The yellow precipitate was collected and washed with some cold water, ethanol, diethyl 
ether and dried in air. Yield 4.38 g (64%). lff NMR (ppm, dioxane at 3.7 ppm) in 0.1 
M DCl: o 1.05, 1.08 and 1.09 (s. CH3}; o 2.8 - 4.1 (complicated patterns, cap methylene 
CH2), o 5.57 (s, oxa bridge CH2); o 6.18 (s, carbinolamine CH2); o 7.60, 7.85, 8.09 
and 8.18 (dd, N=CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in_ OJ M DCl: _& 19.73, 
19.81, 20.20 and 20.28 (s, CH3); o 42.86 and 45.54 (qC); o 47.26, 56.95, 57.23, 
61.89, 62.02,- .62.43, 62.76, 63.45 and 67.42 (tame CH2); o 91.13 and 91.59 (oxa 
bridge CH2); o,98.56 (carbinolamine CH2); o 170.38.and 178.77 (N=CH2). Anal. 
Calcd for CoC16H34N602(Cl04)3: C, 27.46; H, 4.90; N, 12,01; Cl;-15.20;-Co, 8.42. 
Found: C, 26.59; H, 4.53;,N, 12.33; Cl, 14.99; Co, 9.08. 
4. 2 .1.10 Bis(3,3 ',3 u .ethy lidynetris(Z-azaprop-1-ene )cobalt(Ill) 
Trichloride Tetrahydrate, [Co((CB2h·tame)i]Ch·4H20. 
[Co((CH2)3-tame)2](ZnCl4)Cl·3H20 (0.001 mol, 0.663. g) was dissolved in 0.5 
M HCl and the solution was sorbed on a Dowex 50W-X2 column (20 x 200). The 
column was washed with 1 M HCl thoroughly and eluted with 4 M HCL The complex 
was isolated by evaporation of the solvent to give a yellow powder product. The solid 
was washed three times with EtO:H, once with ether and then dried in air. Yield 0.530 g 
(97%). Anal. Calcd for CoC16H30N6Cl3·4H20: C, 35.34; H, 7.04; N, 15.45; Cl, 
19.56; Co, 10.84. Found: C, 35.76; H, 7.83; N, 15.29; Cl, 19.48; Co, 10 .. 33. 
4.2.2 
4.2.2.1 
Solution and Refinement of Crystal Structures 
[Co( ( CH2h·enh] (ZnCl4)t,s·2H20 
The single crystal of the [Co((CH2h-en)J](ZnCl4)is2H20 for X-ray 
diffraction was grown by slowly evaporating the water from an aqueous solution 
containing the complex ion (Cl- salt) and some H2ZnCl4. A yellow platelet-shaped 
crystal was chosen with dimensions of 0.22 x 0.22 x 0.10 mm and.mounted on a quartz 
fibre. All measurements were made on a Rigaku AFC6S diffractometer with graphite 
monochromated Mo-Ka. radiation. Crystal data and refinement parameters are 
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summarised in Table 4.1. The unit cell was determined and refined using setting angles 
of 23 carefully centred reflections, with 2 (Jangles in the range from 40.08 to 4 7 .17°. All 
data reduction and structure refinement used the teXsan crystallographic software package 
of Molecular Structure Corporation. The structure was solved by heavy-atom Patterson 
methods and expanded using Fourier techniques. The non-hydrogen atoms were refined 
anisotropically and the hydrogen atoms were included but not refined. Regression 
analysis was based on 2810 observed reflections (I> 3.00cr(I)) and 263 parameters with 
final agreement factors R and Rw being 0.050 and 0.042. The maximum and minimum 
peaks on the final difference Fourier map corresponded-to 0;'75 and -0.47 eA-3, 
respectively. 
Table 4.1. Crystallographic Data for [Co((CH2)z-en)3](ZnCl4)1s2H20 
Chem formula C24Hs6Cl12Co2N 1204Zn3 T, °C 23.0 
FW 1316.23 crystal system monoclinic 
0 
a, A 11.766(4) space group C2/c (#15) 
b, A 13.039(4) ' dcalcd. g/cm3 1.729 
0 
c, A 32.969(4) A. (MoKa), A 0.71069 
{3, 0 91.64 (1) µ (MoKa), cm-1 27.22 
v,A3 5055 (2) z 4 
#Residuals: R = 2.llFol -Fcll!I.IFo; Rw = [2,w(IFol - IFcl)2/2,w(Fo)2)]112. 
4.2.2.2 
4.2.1.5) 
A fragment was cleaved from a violet plate of [Co(CsH20N4)Cl2]Cl·0.78H20, 
affixed to a quartz fibre and mounted on a Philips PWl 100/20 diffractometer equipped 
with a graphite monochromator and using molybdenum radiation. 25 reflections were 
located and indexed on an orthorhombic cell. Accurate lattice parameters were determined 
by least-squares analysis of the setting angles of 25 reflections 26 < 20 < 31° (A(Mo 
Ka1) = 0.70930A). Crystallographic data are given in Table 4.2. Intensity data were 
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collected for reflections +h,+k,+l with 20::::; 55° (h: 0 ~ 18, k: 0 ~ 18, l: 0 ~ 9) using 
co-20 scans of width (1.2 + 0.35tan0)0 in co at a rate of 2° min-1 in co with background 
counts for 10 sec on each side of every scan. Three standards measured at intervals of 
120 minutes showed a decrease in their intensities of 3% during data collection, and data 
were scaled accordingly. Data were also corrected for absorption-(analyticaLmethod; 
transmission range 0.645 - 0.849). Systematic extinctions (Oki: k + l = 2n + 1; hkO: h = 
2n + 1) indicated space group Pnma or Pn21a (non-standard setting of Pna21). 
Solution of the structure was first attempted in centrosymmetric space group 
Pnma using heavy-atom Patterson methods. It soon became apparent that,, although the 
cobalt atom lay on the mirror plane at y = 1I4, the rest of the cation was disordered across 
this mirror. With the aid of restrained refinement [10, 11], a connected set of atoms of 
occupancy 0.5 was identified from the overlapping images to yield the structure of the 
cation. The restraints were then removed. A half-occupancy chloride site near y = 1/4 and 
a water molecule of occupancy ca. 0.4 near 0 0 1/2 were also located. Hydrogen atoms 
for the cation were placed at calculated positions. It was noticed at this stage that the Co-
Cl distances were distinctly different, implying that the cobalt atom was slightly removed 
from the mirror plane. Consequently restraints were placed on the Co-Cl bond distances 
in the refinement (bonds Co-Cl were restrained to their average value, being adjusted as 
refinement progressed, with an esd of 0.003A)[10, 11], and they coordinate of Co was 
allowed to refine from 0.25. The resulting position of the cobalt atom shows very close 
agreement to 2-fold symmetry for the entire cation, supporting this decision. Attempts to 
use the connected set of atoms in the non-centrosymmetric space group gave far poorer R-
factors, so the disordered model in space group Pnma is presented here. The occupancy 
of the water molecule was refined in the least-squares process; hydrogen atoms for the 
water molecule were not located. Anisotropic displacement factors were used for all non-
hydrogen atoms. Refinement was continued until all shift/error ratios were< 0.01. 
Least-squares refinement was performed using full-matrix methods minimising 
the function I.w(IF 0 1 - IF cl)2 where w = [o2(F)]-l and o2(J) = o2(ldiff)+ 0.0004x(total 
counts).[11] Maximum and minimum heights in a final difference map were 0.55(5) and 
Chapter Four 127 
-0.45(5) e A-3, respectively. Data reduction and refinement computations were performed' 
with XTAL3.2;[12] atomic scattering factors for neutral atoms and real and imaginary 
dispersion terms were taken from International Tables for X-ray Crystallography. [13] 
Table 4.2 lists the crystallographic data and final agreement R and Rw. 
Table 4.2. Crystallographic Data for [Co(CsH20N4)Cl2]Cl ·O. 78H20 
Chem formula CsH21.s6Cl3CoN402.1s T, °C 23.0 
FW 383.64 crystal system orthorhombic 
a, A 14.446(3) space group C2/c (#15) 
b, A 14.250(3) dcalcd• g/cm3 1.671 
0 A. (MoKa),A c, A 7.407(2) 0.71069 
µ (MoKa), cm-1 16.6 
v,A3 1524.8 (6) z 4 
R 0.044 Rw 0.043 
#Residuals: R = :LllFol -Fclll:LIFo; Rw = [Lw(IFol - IFcl)2/:Lw(Fo)2)]112. 
4.2.2.3 
A yellow cuboid crystal of [Co(CsH15N3)z]-(ZnCl4)Cl·3H20 was affixed to a 
quartz fibre and mounted on a Philips PWl 100/20 diffractometer equipped with a 
graphite monochromator and using molybdenum radiation. Twenty five reflections were 
located and indexed on a trigonal cell (R-centred hexagonal axes). Accurate lattice 
parameters were determined by least-squares analysis of the setting angles of 25 
reflections 39 < 20 < 45° (A(Mo Kal) = 0.70930A). Crystallographic data are given in 
Table 4.3. Intensity data were collected for reflections ±h,±k,+l with 20:::;; 55° (h:-12 
-t 12, k: -12 -t 12, l: 0---t 32) using co-20 scans of width (1.1+0.346tan0)0 in co at a 
rate of 2° min-1 in co with background counts for 10 sec on each side of every scan. 
Three standards measured at intervals of 120 minutes showed a decrease in their 
intensities of 4% during data collection, and data were scaled accordingly. Data were also 
corrected for absorption (analytical method; transmission range 0.778 - 0.827). 
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Reflections (3095) were merged assuming R3 symmetry (Rmerge = 0.013) to give 1015 
independent data. 
The structure was solved by direct methods,[14] which clearly revealed the cation 
centred on a 3 site. The anionic component was eventually identified as being disorder of 
a [ZnCl4]2- unit (half occupancy) and a ci- ion and three water- molecules (also half 
occupancy), along a 3-fold axis. Anisotropic displacement factors were used for all non-
hydrogen atoms. Hydrogen atoms for the cation were placed at calculated positions and 
refined with isotropic displacement factors; hydrogen atoms for the water molecules were 
not located. Refinement was continued until all shift/error ratios were< 0.01. 
Least-squares refinement was performed using full-matrix ~ethods minimising 
the function l:w(IF 0 1- IF cD2 where w = [cr2(F)]-1 and cr2(l) = cr2Udiff)+ 0.0004x(total 
counts).[12] Maximum and minimum heights in a final difference map were 0.24(3) and 
-0.24(3) e A-3, respectively. Data reduction and refinement computations were 
performed with XTAL3.2;[12] atomic scattering factors for neutral atoms and real and 
imaginary dispersion terms were taken from International Tables for X-ray 
Crystallography.[13] Table 4.3 lists the crystallographic data and final agreement Rand 
Table 4.3. Crystallographic Data for [Co((CH2)3-tame)z](ZnCl4)Cl·3H20 
Chem formula C 16H36ClsCoN603Zn T, °C 23.0 
FW 662.082 crystal system trigonal 
0 -
a, A 9.596(1) space group R3 
0 
dcalcd• g/cm3 c, A 24.907(3) 1.660 
A. (MoKa), A 0.71069 µ (MoKa), cm-1 20.7 
v,A3 1986.5 (4) z 3 
R 0.023 Rw 0.021 
#Residuals: R = I.llFol -Fcll/I.IFo; Rw = [I,w(IFol -1Fcl)2/I,w(Fo)2)]112. 
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4 • 3 Results and Discussion 
4.3.1 [Co((CH2h-en)3]3+ 
4.3.1.1 Synthesis of [Co((CH2h·en)3]3+ 
It was expected that the hexamethanimine complex [Co((CHi)2-en)3]3+ would be 
more difficult to synthesize than the trimethanimine comple-x [Co(CH2}3-sen]3+, because 
of the need to stabilize more imines and more favourable reduction of the complex to the 
Co(II) state. The reduced chelate effect of the en ligand compared with that of the sen 
ligand could also make the hexaimine complex less stable. The initial attempts to obtain 
the hexaimine complex were made by increasing the reaction rate. One such attempt 
employed [Co(en)3](CF3S03)3 instead of the chloride salt, which is almost insoluble in 
the acetonitrile solvent, but the yields were always very low. Increasing the base 
concentration, which is another way to increase the reaction rate, also did not help (Table 
4.4). The hexaimine complex is very unstable under the strong basic conditions used, 
even in nonaqueous solvent partly because of generated water. For example, no 
hexaimine compound was isolated under the conditions of 3, but for the shorter reaction 
times of experiments 2 and 4, the hexaimine complex was isolated in low yields. 
Table 4.4. Different Reaction Conditions for the Synthesis of [Co((CH2)2-en)3]3+ 
Using [Co(en)3](CF3S03)3. Other Products Are Partly Imine and Partly Oxa Bridge 
c 1 ompexesw hi h c were B 1 S d are ty eparate . 
Co:HCHO NEt3 (ml) time (min) hexaimine yield(%) 
1 1: 60 1.5 2.5 0 
2 1: 90 3.5 0.5 5 
3 1: 120 4.5 4.0 0 
4 1: 120 4.0 2.0 12 
5 1: 120 4.0 1.0 2 
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The results form above reactions showed that the hexaimine is very unstable under 
the basic conditions. It was therefore necessary to find a way to stabilize the imines under 
basic conditions, in order to isolate the hexaimine in high yield. In the earlier synthesis of 
[Co(CH2)3-sen]3+, the starting material was [Co(sen)]Cl3, and sodium perchlorate 
solution was used to increase the solubility of the chloride salts gf [Co(sen)J3+ in the 
acetonitrile. The chloride/perchlorate mixture could have another function which aids the 
reaction efficiency, in that it not only promotes the solubility of the reactant but may also 
protect the triimine complex by preferred precipitation. More trial experiments were 
therefore conducted using [Co(en)3]Cl3 and sodium perchlorate reaction mixtures. The 
preliminary results were 1promising, and finally the reaction of an acetonitrile solution of 
[Co( en)3]Cl3 with excess paraformaldehyde in the present of sodium perchlorate, 
afforded, after crystallisation, the new hexaimine complex [Co((CH2h-en)3]3+ in 71 % 
yield, Scheme 4.2. 
NH~NHI 2 NH2 
'"- / (HCHO)n 
Co III c / '"' J NaCI04, NE, 
NH2 NH2 NH2 
OH OH OH 
I bH I 
CH2 I 2 CH2 
I NH I 
cis~NHJ--6H---..-20 
NH NH NH 
I I I 
CH2 CH CH2 
I I 2 I 
11 II 11 
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N N N 
II 11 II 
OH OH OH 
A B 
Scheme 4.2. Mechanism for the Synthesis of [Co((CH2h-en)3]3+. 
The scheme 4.2 shows two steps for the formation of [Co((CH2h-en)3]3+. The 
first step involves formaldehyde in an electrophilic attack on the deprotonated coordinated 
amine. The carbinolamines formed are unstable under the basic conditions and they 
rapidly eliminate water. The high yield of the hexamethanimine complex also implies that 
the second step is very fast. As a result the six methanimine groups are formed in a very 
short time. 
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4.3.1.2 NMR Spectroscopy 
The 1H NMR spectrum of the [Co((CH2h-en)3]Cl3 in the N=CH2 region consists 
of two sets of doublets (one broad) which are attributed to an AB system, Figure 4.1. 
The chemical shifts are 7.7 and 7.97 ppm and the geminal coupling constant is 6.5 Hz. It 
is quite obvious that the AB peak structure is due to the inequivalent imine protons. The 
broadening of the peak at 7.97 is probably due to the long range coupling of one of the 
imine protons with the 59Co atom, or enhanced relaxation by coupling with the nitrogen 
quadrupolar monment. Another set of signals is a quintet at 4.0 ppm which is due to the 
en protons, and the resolution implies that the conformation of the en fragment is rather 
rigid. Normally the Co-en ring gives a broad signal and no resolution at all. 
-
The 13C NMR spectrum displays simply two signals, one at 62.1 ppm, assigned 
as en carbons, and the other at 177.4 ppm, assigned as imine carbons. The two peaks 
establish the average D3 symmetry of the molecule in solution. Compared with that of the 
[Co(en)3]3+ ion, the signal for the en carbon atoms of the [Co((CH2h-en)3]3+ ion has 
been shifted ca. 17 ppm downfield which reflects the strong ~-substituent effect of the 
methylene substituent on the imine nitrogen atom. 
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Figure 4.1. 300 MHz lH NMR Spectrum (top, dioxane 3.7 ppm) and 75 MHz 13C 
NMR Spectrum (bottom, dioxane 67.4 ppm) of [Co((CH2h-en)3]3+ in 0.1 MDCI. 
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4.3.1.3 Stability Study By 13C NMR 
It was found that the [Co((CH2h-en)3]3+ hexaimine hydrolysed slowly in 
aqueous solution at pD 6. A series of 13C NMR spectra, recorded at different times, is 
shown in Figure 4.2. Under these conditions, the [Co((CH2h-en)3]3+ ion showed very 
little decomposition in minutes. After two hours new signals appeared but they are less 
than 5%. The NMR spectrum at 8 hours showed a strong signal at 82.6 ppm which was 
assigned to the hydrated formaldehyde carbon resonance. At 22 hours a spectrum 
reflecting a pure compound was obtained and indicates that this compound has a structure 
which is the same as that for the isolated complex<llJin 4.3.3.l. The process is believed 
to occur as in Scheme 4.3 and the reactions were not pursued beyond 93 days. 
·~ J !! ] l 
-L. _T=93days 11..........,  ,.....,...,..._...._.. ~
J _____ T~=--4_9_d.......,ay_s .............. .......-............ ~ ............. -.............,,.....,....,...-............ J 
T = 457hours 
T = 22 hours 
T = 8 hours 
L T = 120 minutes l___ I h 
1 T =5 minutes _J 
' 
~ 
180 170 160 150 140 130 120 110 100 90 80 70 60 50 ppm 
Figure 4.2. The 13C NMR Spectral Series of the [Co((CH2h-en)3]3+ in D20 at pD 6 . 
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Scheme 4.3. Mechanism for the Decomposition of [Co((CH2h-en)3]3+ Hexaimine in 
Aqueous Solution Under Neutral Conditions. 
4.3.1.4 Electronic Absorption Spectroscopy 
The electronic absorption spectroscopy of the coordinated hexamethanimine 
complex [Co((CH2)2-en)3]3+ was undertaken in 0.1 M HCl aqueous solution. The band 
origins and intensities are listed in Table 4.5, and the absorption spectrum is depicted by 
the solid line in Figure 4.3. The spectrum shows two ligand field bands, one of which is 
partly overlapped with the strong charge transfer band at shorter wave length. The other 
longer wavelength band is symmetric. 
Table 4.5. Electronic Spectral Properties of [Co(en)3]3+ and [Co((CH2h-en)3]3+. 
Chloride Salts (5.0 x lQ-4 M) in 0.1 M HCl at 25°C. Amax in nm, E in M-lcm-1. 
Amax (E) 
Band Origin 1A1g _._. 1T1g 
1A1"' _._. 1T2"' LMCT 
[Co(en)3]Cl3 464(111) 340 (104) 210 (23760) 
[Co((CH2)2-en)3]Ch 448 (87) 330 (108) 219 (29600) 
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Figure 4.3. Electronic Spectra of [Co((CH2h-en)3]Cl3 and [Co(en)3]Cl3 in 0.1 M HCl 
at25°C. 
The comparison of the electronic absorption spectra for the [Co((CH2h-en)3]3+ 
and [Co(en)3]3+ ions is given in table 4.5. For the [Co((CH2h-en)3]3+ ion, there is a~ 
10 nm band shift to higher energy for both ligand field bands which indicates a relatively 
stronger ligand field than for the [Co((en)3]3+ complex. The electronic spectral properties 
of the [Co((CH2h-en)3]3+ ion in the solution is very similar to those of ab3-
[Co(NMe3)2sar]5+ andfac-ab3-[Co(NH3)2Me3sar]5+ (15] but quite different from the 
[Co(sar)]3+ type complexes with lel3 conformations, Table 4.6. This result implies that 
the ligand field for the [Co((CH2h-en)3]3+ ion is very similar to the strong ligand field 
observed for the ob3 type cage complexes. The weaker intensity of the absorption band 
of lA1g ...-. lT1g origin of the [Co((CH2h-en)3]3+ ion, compared to the lel3 systems, 
also implies that the symmetry of the ligand field orbitals for the CoN 6 chromophore in 
the [Co((CH2h-en)3]3+ ion is closer to octahedral, and this is also true for the ob3 forms 
in Table 4.6. This conclusion is consistent with the crystal structure (described below) 
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which shows that the [Co((CH2)z-en)3]3+ ion has an average twist angle of 56.9° in 
comparison to the octahedral twist angle of 60°. 
Table 4.6. UVNis Electronic Spectral Data for Cage Complexesa[15] 
Amax (e) ·- -, -· -
Complexes 
lA1g -- lT1g lA11! -- lT21! charge transfer 
ob3-[Co(NMe3)zsar]5+ b 445 (94) 329 (110) 231 (18300) 
fac-lel3-[Co(NH3)zMe3sar]5+ b 474 (148) 340 sh (178) 
.fac-ob3-[Co(NH3)zMe3sar]5+ b 450 (83) 330 sh (107) 
fac-lel3-[Co(NH3)zMe3sar]5+ c 480 (152) 346 (135) 246 (19500) 
.fac-ob3-[Co(NH3)zMe3sar]5+ c 450 (81) 331 (94) 231 (19300) 
a Amax, nm; molar absorption coefficients in parentheses (M-1 cm-1). b 0.1 M HCl. c 0.1 
M CF3S03H. 
4.3.1.5 The Crystal Structure of the [Co((CH2h-en)3]3+ Cation 
The structure of a yellow single crystal of [Co((CH2)z-en)3](ZnC14hs2H20 was 
determined by X-ray diffraction methods. There are eight complex cations, twelve 
tetrachloride zincate anions and sixteen waters in each unit cell. Two perspectives of the 
structure of the [Co((CH2)z-en)3]3+ cation are shown in Figure 4.4. Positional and 
thermal parameters are given in Appendix 4.1, and selected parametrical data are to be 
found in Table 4. 7. Additional data are given in Appendix 4.2. The structure defines a 
tris(bidentate) coordination of the ligands and an ob conformation for each five-membered 
chelate ring. 
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(a) (b) 
Figure 4.4. Thermal Ellipsoid Diagram (30% Probability levels except for hydrogen 
atoms which are drawn as spheres of arbitrary radius) of the [Co((CH2h-en)3]3+ Cation 
with Labelling of Selected Atoms. (a) View Showing the Cobalt Centre (b) View down 
the Approximate Three-fold Molecular Axis. 
A notable difference between the structure of [Co((CH2)i-en)3]3+ and the many 
published for the [Co(en)3]3+ ion is that the most common conformation of [Co(en)3]3+ is 
lel3, whereas the conformation of the [Co((CH2h-en)3]3+ ion in its present salt is ob3. 
The structure of the cation [Co((CH2)i-en)3]3+ shows an average Co - N bond length of 
1.941 A which is substantially shorter than the average Co - N bond length of 1.964 A 
found in the [Co(en)3]3+ structures.[16] The average Co - N = C bond angle is 129.9° 
and the Co - N = CH2 atoms all lie roughly in the same plane. These data are consistent 
with bond hybridization in going from an sp3 for [Co(en)3]3+ nitrogen to sp2 for 
[Co((CH2h-en)3]3+, and also indicate some 1t delocalisation over the Co - N = C moiety, 
although reduced steric interactions could cause the shorter bond lengths. These reasons 
would also support the observation that the coordinated methanimines are quite stable to 
hydrolysis under neutral condition, but still fairly active toward nucleophilic reagents. 
The average symmetry of the CoN6 chromophore of the [Co((CH2h-en)3]3+ ion 
in crystal is closely-C3 with an average twist angle of 56.9°, which is relatively close to 
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the octahedral value (60°), and comparable with that found (57.6°) in the ob3 cage 
complexes mentioned previously. 
Table 4.7. Selected Bond Distances and Angles for the Cation in the [Co((CH2h-en)3]· 
(ZnCl4)1.5·2H20 Lattice. 
Bond Distances (A) 
N(l)-C(2) t.46(1) N(l)-C(l) 1.27(1) 
N(2)-C(3) 1.47(1) 
N(2)-C(4) 1.25(1) N(3)-C(5) 1.27(1) 
N(3)-C(6) 1.50(1) N(4)-C(7) 1.46(1) 
N(4)-C(8) 1.26(1) N(5)-C(9) . 1.251(9) 
Co(l)-N(l) 1.954(7) N(5)-C(l0) 1.470(9) 
Co(l),.N(2) 1.937(6) N(6)-C(l 1) 1.470(9) 
Co(l)-N(3) 1.935(7) N(6)-C(12) 1.275(9) 
Co(l)-N(4) 1.942(7) C(2)-C(3) 1.47(1) 
Co(l)-N(5) 1.933(6) C(6)-C(7) 1.43(1) 
Co(l)-N(6) 1.943(6) C( 10)-C( 11) 1.51(1) 
Bond Angles (deg) 
N(5)-Co(l)-N(6) 84.5(3) Co( 1)-N( 1)-C(1) 128.6(6) 
Co(l)-N(l)-C(2) 111.5(5) C(l)-N(l)-C(2) 119.7(8) 
Co(l)-N(2)-C(3) 111.7(5) Co(l)-N(2)-"C(4) 130.2(6) 
C(3)-N(2)-C(4) 118.0(7) Co(l)-N(3)-C(5) 130.7(7) 
Co(l)-N(3)-C(6) 110.9(7) C(5)-N(3)-C(6) 118.1(9) 
Co( 1 )-N ( 4 )-C(7) 112.2(6) Co( 1)-N(4 )-C(8) 129.0(7) 
N(l)-Co(l)-N(2) 83.6(3) C(7)-N(4)-C(8) 118.8(8) 
N(l)-Co(l)-N(3) 94.0(3) Co(l)-N(5)-C(9) 130.5(6) 
N(l )-Co(l )-N( 4) 176.9(3) Co(l)-N(5)-C(l0) 111.9(5) 
N (1 )-Co(l )-N ( 5) 94.8(3) C(9)-N ( 5)-C( 10) 117.6(7) 
N(l)-Co(l)-N(6) 87.9(3) Co(l)-N(6)-C(l l) 112.0(5) 
N(2)-Co(l)-N(3) 87.3(3) Co(l)-N(6)-C(12) 130.5(6) 
N(2)-Co(l)-N(4) 93.4(3) C(l 1)-N(6)-C(l2) 117.2(7) 
N(2)-Co(l)-N(5) 178.1(3) N(l )-C(2)-C(3) 107.1(8) 
N(2)-Co(l)-N(6) 94.5(3) N(2)-C(3)-C(2) 108.4(7) 
N(3)-Co(l)-N(4) 85.0(3) N(3)-C(6)-C(7) 111(1) 
N(3)-Co(l)-N(5) 93.8(3) N( 4 )-C(7)-C(6) 109.9(9) 
N (3 )-Co(l )-N ( 6) 177.5(3) N(5)-C(10)-C(l 1) 106.6(6) 
N(4)-Co(l)-N(5) 88.2(3) . N(6)-C(l 1),.C(l0) 108.2(6) 
N(4)-Co(l)-N(6) 93.2(3) 
Twist Angles (deg)* 
N(l)-M(135)-M(246)-N(2) 56.9 
N(3)-M( 135)-M(246)-N(4) 57.2 
N(5)-M( 135)-M(246)-N(6) 56.7 
* M(135) is the midpoint of the triangle N(l), N(3) and N(5); M(246) is the midpoint of 
the triangle N(2), N(4) and N(6), 
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4.3.1.6 Redox Chemistry 
The cyclic voltammogram of the [Co((CH2h-en)3]3+ ion was performed in 1:1 
0.05 M NaCl 0.05 M HCl aqueous solution. In a single-cycle CV, Figure 4.5, there are 
three reduction waves and only one broad and low intensity oxidation wave. It is likely 
that the reduction waves are due to both the metal and iminexeductions. It is expected that 
the reduction of the imine should be both chemically and electrochemically irreversible. 
The broad and low oxidation wave is probably due to the oxidation of the Co(II) but this 
process is also not fully electrochemically reversible. 
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Figure 4.5. The Cyclic Voltammogram of the [Co((CH2)z-en)3]3+/2+ Couple in 1:1 
0.05 M NaCl 0.05 M HCl (Scan rate of 100 mV s-1, Au working electrode and 0.1 M 
NaCl bridge). 
The multiple scan cyclic voltammogram of the complex, Figure 4.6, shows the 
first scan is as same as the single-cycle voltammogram. However the second scan shows 
a different cyclic voltammogram for both reduction and oxidation waves which is not 
quite reversible, although it is probably largely due to the Co3+/2+ couple. The lower 
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amplitude of the oxidation wave also implies that there some metal dissociation occurs in 
the process. 
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Figure 4.6. The Cyclic Voltammogram of the [Co((CH2h-en)3]3+12+ Couple in l: 1 
0.05 M NaCl 0.05 M HCl (Scan rate of 100 mV s-1, Au working electrode and 0.1 M 
NaCl bridge). 
For the [Co(en)3]3+ ion, only a completely irreversible cyclic voltammogram was 
observed under the same conditions. Although this study reveals that the [Co((CH2h-
en)3]3+ ion in the acid solution is stable, and the Co3+/2+ couple is more electrochemically 
reversible than the [Co(en)3]3+/2 couple, it is not very stable in the Co(II) state, atleast in 
0.05 M HCl aqueous solution. 
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Figure 4.6. The Cyclic Voltammogram of the [Co((CH2)2-en)3]3+12+ Couple in 1: 1 
0.05 M NaCl 0.05 M HCl (Scan rate of 100 mV s-1, Au working electrode and 0.1 M 
NaCl bridge). 
For the [Co( en)3]3+ ion, only a completely irreversible cyclic voltammogram was 
observed under the same conditions. Although this study reveals that the [Co((CH2h-
en)3]3+ ion in the acid solution is stable, and the Co3+/2+ couple is more electrochemically 
reversible than the [Co(en)3]3+/2 couple, it is not very stable in the Co(II) state, at least in 
0.05 M HCl aqueous solution. 
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4.3.2 [Co((CH2h-tame)i]3+ 
4.3.2.1 Synthesis 
The [(:o((CH2)3-tame)2]3+ complex was prepared in a similar manner to that for 
[Co((CH2h-en)3]3+ and [Co(CH2)3-sen]3+, but using different concentrations of 
formaldehyde and the base. The yield of 17% for the [Go((CH2)3-tame)2]3+ complex, 
however, indicated that the relative efficiencies of various condensation reactions of 
[Co(tame)2P+ with formaldehyde are somewhat different from those of [Co(en)3]3+ and 
[Co(sen)]3+. Although the yield for the [Co((CH2)3-tame)z]3+ complex was relatively 
low, the reaction was still rather simple in that only one other main product type was 
found in the reaction mixture ... The reaction is depicted in Scheme 4.4. 
(CHOH)n, NEt3 
CH3CN 
(1) 
+ 
(2) 
Scheme 4.4. Synthesis of the [Co((CH2)3-tame)2]3+ Complex under Basic Conditions 
in Acetonitrile. 
Isomers of complex (2) were identified by NMR spectroscopy. The 1 H NMR 
spectrum, Figure 4.7 (top), shows four doublets which are assigned to imine protons. 
There are three signals at 1.05, 1.08 and 1.09 ppm which are assigned to methyl protons. 
The three signals for the methyl groups indicate that there is more than one isomer or 
species present. The broad signal at 5.57 ppm was assigned to the methylene protons of 
the ether bridge, and the signal at 6.18 ppm was assigned to the methylene protons of the 
carbinolarnine. 
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The 13C spectrum, Figure 4.7 (bottom), shows four signals between 19.73 and 
20.28 which are assigned as methyl carbons. The signals at 42.86 and 45.54 are 
assigned as quaternary carbon resonances by an APT spectrum. The peaks at 91.13 and 
91.70 ppm have been assigned as ether bridge methylene carbons and that at 98.55 ppm 
was assigned to the carbinolamine carbon. The peaks at 178.38-and 178.77-ppm have 
been assigned to the methanimine carbon resonances. 
Above assignment, especially the good elemental analysis, fit the formulation of 
(2) quite well, however, the fact that three methyl signals in lff and four peaks in 13C 
NMR spectra implies more than one species may be present. Also, both the lff and 13C 
NMR spectra fit better for an equilibrium mixture of (3) and (4) in Scheme 4.5. 
base 
(3) (4) 
Scheme 4.5. 
The signal at 98.56 ppm was reassigned to methylene carbon bound to two 
tertiary nitrogen atoms, and the signals at 91.13 and 91.60 ppm were assigned to the 
methylene carbon bound to one secondary and one tertiary nitrogen atoms. 
The stability study (for details see 4.3.2.3) of the hexaimine complex (1) under 
neutral conditions revealed a fairly high stability. However, methanimine dissociation 
occurred slowly, and.there was no ether or methylene bridge formation observed in the 
dissociation process. In the synthesis of [Co((CH2)3-tame)i]3+, a high yield of 
complexes (3) and (4) could be due to the favourable stereochemistry for making the 
bridge between adjacent methanimine and deprotonated amine groups. 
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Comparison of the kinetic stabilities of the compounds [Co(CH2h-sen]3+, 
[Co((CH2h-en)3]3+ and [Co((CH2h-tame)i]3+ towards imine hydrolysis indicate that 
[Co(CH2)3-sen]3+ has the highest stability followed by [Co((CH2h-tame)i]3+ and then 
[Co((CH2h-en)3]3+. Alone, this would imply that the yield of [Co((CH2h-tame)i]3+ 
should lower than [Co(CH2h-sen]3+ but higher than [Co((CH2h-en)3]3+. However the 
yield of the compound [Co((CH2)3-tame)i]3+ (17%) was much lower than both that of 
[Co(CH2)3-sen]3+ (98%) and [Co((CH2h-en)3]3+ (72%) when similar conditions were 
employed. One reason could be the special stereochemistry of the [Co(tame)i]3+ ion, 
especially the stereoelectronic relationship and the distance between the nitrogen atoms of 
the two tame frames, which would help the imine to react with a deprotonated amine more 
efficiently under basic conditions and therefore promote the yields of N - CH2 - N bridge 
. compounds in the hexaimine synthesis. Overall the results imply that, in the condensation 
of [Co(tame)i]3+ with formaldehyde, the deprotonated amine condensation with 
coordinated imine is relatively more efficient than that for [Co(en)3]3+ and [Co(sen)]3+. 
The X-ray analyses of the compound [Co((CH2h-tame)i]3+ help.Sto explain this. 
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Figure 4.7. NMR Spectra of (2) (or mixture of (3) and (4)) in 0.1 MDCI. Top: 300 
MHz lH (dioxane 3.7 ppm). Bottom: 75 MHz 13C Spectrum (dioxane 67.4 ppm). 
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4.3.2.2 NMR Spectroscopy 
The hexaimine complex [Co((CH2h-tame)2]3+ has been fully characterised by 
both 1 H NMR and BC NMR spectra. The 1 H NMR spectrum, recorded in 0.1 M DCl 
solution, is given in Figure 4.8, top. It shows one methyl proton resonance at 1.19 ppm, 
one methylene proton signal at 3.91 ppm and two imine proton doublet resonances at very 
low field. This is consistent with a structure of D3h symmetry on average. 
The BC NMR spectrum is depicted in Figure 4.8 (bottom) and shows simply four 
signals, at 20.21 ppm for the methyl carbons, at 36.98 ppm for the quaternary carbons, at 
66.03 ppm for the methylene carbons and at 182.15 ppm for the i~ne carbons. This is 
also consistent with an average D3h symmetry. Comparison of this spectrum with that of 
the [Co(tame)2]3+ complex shows a remarkable downfield shift of 21 ppm for the 
methylene carbon resonances, indicative of significant deshielding by imines, and is 
typical of ~-substituent shifts caused by N substituents. The effect in the [Co((CH2h-
tame)2]3+ molecule is larger than that in the [Co((CH2h-en)3]3+ molecule which has a 
16.6 ppm downfield shift for the methylene carbon resonances. The y-substituent effect 
of mainly steric origin also influences the quaternary and methyl carbon resonances that 
show small 1.8 ppm and 1.2 ppm upfield shifts respectively. 
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Figure 4.8. NMR Spectra of [Co((CH2)3-tame)2]3+ in 0.1 MDCL Top: 300 MHz lH 
Spectrum (dioxane 3.7 ppm). Bottom: 75 MHz 13C Spectrum (dioxane 67.4 ppm). 
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4.3.2.3 Stability Study by 13C NMR 
The hexamethanimine complex of [Co((CH2)3-tame)2]3+ is a very stable 
compound in some conditions. In the solid state it is stable in air even when the 
temperature is raised to 100°C. At 120°C, the complex starts to decompose and the colour 
gradually changes from yellow to green. In both aqueous and non aqueous solutions, the 
stability of the compound increases with increasing acidity of the solution. In 
nonaqueous solution, the complex is generally more stable than in aqueous solution. For 
example, in neutral acetonitrile or DMSO, no change was observed over several months. 
In aqueous solution under acid conditions (pH $; 1 ), no decomposit~on was observed over 
months, whereas under neutral conditions it hydrolysed gradually over a period of days. 
The hydrolysis of the [Co((CH2)3-tame)2]3+ molecule under neutral conditions in 
D20 is illustrated by the 13C NMR spectra given in Figure 4.9. After 5 days in the 
solution, ca. 20% of the complex had reacted. The spectra imply that the hydrolysis was 
solely due to the loss of aldehyde, by virtue of an increasing signal at 82.54 ppm which is 
consistent with the hydrated formaldehyde carbon resonance. This result is somewhat 
different from that of the [Co(CH2)3-sen]3+ and the [Co((CH2h-en)3]3+ which 
hydrolysed in two ways; one by loss of aldehyde and the other by the formation of ether 
bridges. In this experiment, after 42 days, the spectrum shows that a single species is 
present, and it has the structure shown in Figure 4.9 with four methanimine moieties. 
Therefore, two aldehydes have been lost from [Co((CH2)3-tame)2]3+ to give a C2 
symmetric molecule with a chiral arrangement of the four methanimines. The result 
implies that the [Co((CH2)3-tame)2]3+ complex is not able to form an ether bridge under 
these conditions, rrobably because of unfavourable stereochemistry. 
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Figure 4.9. Stability Study of [Co((CH2)3-tame)2]3+ in D20 (pD ca. 6) at ca. 25°C. 
4.3.2.4 Electronic Spectroscopy 
The visible absorption spectrum of the [Co((CH2)3-tame)2]3+ complex displays 
two absorption bands as shown in Figure 4.10, and the ultraviolet absorption spectrum 
also consists of two bands, Figure 4.11. Compared with the [Co(tame)2]3+ complex 
under the same conditions, it was found that both the d-d and charge transfer bands of the 
hexaimine complex [Co((CH2)3-tame)i]3+ shift to higher energies. The CT band 
observed at 216 nm for [Co((CH2)3-tame)i]3+ also shows a higher intensity than the band 
at 231 nm for [Co(tame)i]3+. The data are listed in Table 4.8. 
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Figure 4.10. Visible Absorption Spectra of [Co((CH2)3-tame)z]3+ (5.0 x 10-4 M) and 
[Co(tame)2]3+ (5.0 x 10-4 M) in 0.1 M HCl Solution at 20°C (10 mm cell). 
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Figure 4.11. Ultraviolet Absorption Spectra of [Co((CH2h-tame)z]3+ (5.0 x 10-4 M) 
and [Co(tame)2]3+ (5.0 x 10-4 M) in 0.1 M HCl Solution at 20°C (1 mm cell). 
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Table 4.8. Electronic Spectral Properties of the [Co(tame)i]3+ and [Co((CH2)}-
) p+ C 1 (5 0 lQ-4 M). 0 1 M HCl 25°C (Am Ml 1) tame 2 omp.exes x m. at ax nm, e - cm-
Complexes Amax (e) 
1A1g ..-. 1T1g 
1A1!! ..-. 1T2!! charge transfer 
[Co( tame h]Cl3 470 (90) 339 (78) 231 (20800) -
[Co((CH2)3-tame)i]Cl3 448 (91) - 333 (170) - -- -256 (13074-); 
216 (31600) 
4.3.2.5 Description of the [Co{(CH2h·tamehP+ Structure 
The molecular structure of [Co((CH2h-tame)i]3+ was determined by X-ray 
crystallography, which established the cation centred on a crystallographic 3 site. 
Perspective views along and orthogonal to the C3 axis are given in Figure 4.12, which 
clearly reveals that the [Co((CH2h-tame)i]3+ complex has a bis-tridentate frame with six 
methanimine moieties. 
(a) (b) 
Figure 4.12. Thermal Ellipsoid Diagram (50% Probability levels Except for hydrogen 
atoms which are drawn as spheres of arbitrary radius) of the [Co((CH2h-tame)i]3+ 
Cation with Labelling of Selected Atoms. (a) View Showing the Cobalt Centre (b) 
Projected View down the Three-fold Molecular Axis. 
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The thermal parameters are listed in Appendix 4.3. Selected bond lengths and 
angles are presented in Table 4.9, and other bond lengths and angles are given in 
Appendix 4.4. The C=:N double bond length (1.276 A) jn the;[Co((CH2h,.tame)2]3+ 
complex is consistent with that from microwave studies.[ 17] and c&}culated estii;nates 
[18] for organic methanimines. The planar structure of the.methanjmine moiety of the 
- -- -. .. -
[Co((CH2h-tamehJ3+ is also consistent with the structure of organic methanimines. 
Compared with the structure of [Co(tame)2]3+,[l9] several notable differences are 
important. The C?-N and N(l)-C(2) bonds and N(l)-C(2)-C(3) angle of [Co((CH2h-
tame)2]3+ are.significantly short~r and smaller than those of [Co(~);J3+. These results 
are similar to those for [Co(CH2h-sen]3+ and [Co((CH2)2-en)3]3+, when compared with 
the structures of [CosenP+ and [Co(en)3]3+. 
Table 4.9. Selected Bond Distances and Angles and Torsion Angles for the Non-
Hydrogen Atoms in [Co((CH2h-tame)2] (ZnCl4)Cl·3H20. 
Bond Distances (A) 
Co-N(l) 1.952(1) 
N(l)-C(l) 1.276(2) N(l)-C(2) 1.477(2) 
C(2)-C(3) 1.520(2) C(3)-C(4) 1.538(.5) 
Bond Angles (deg) 
N(l)-Co-N(l)a 89.37(7) N(l)-Co-N(l)b 90.63(7) 
N(l)-Co-N(l)C 180.0 
Co-N(l)-C(l) 124.2(1) Co-N(l)-C(2) 118.99(9) 
C(l)-N(l)-C(2) 116.7(1) N( l}·C(2)-C(3) 113.0(2) 
C(2)-C(3)-C(4) 108.5(1) C(2)-C(3)-C(2) .. 110.4(2) 
Symmetry operations: 
a, (-y, x-y, z);:b;(y, -xty,J-,z),;.c. (-x, .,.y, l-z); d, (1-y,J+x,.y, z). 
N(l)a-co-N(l)-C(l) 
N(l)b-co-N(l)-C(l) 
N (1 )C-Co-N (1 )-C(l) 
N{l)fLCo-N(l)-C(l) 
Co-N(l)-C(2)-C(3) 
N ( 1 )-C(2)-C(3 )-C( 4) 
N(l)-C(2)-C(3)-C(2)b 
Symmetry operations: 
Torsion Angles (deg) 
143.4(2) N(l)a-co-N(l)-C(2) 
-127.2(2) N(l)b-co-N(l)-C(2) 
-36.6(2) N(l)C-Co-N(l)-C(2) 
52.8(2) N(l)d-Co-N(l}-C(2) 
-18.2(3) C(l)-N(l)-C(2)-C(3) 
.,.169.5(1) N(l)-C(2)-C(3)-C(2)a 
-50.7(3) 
a, (-y, x-y, z); b, (-x+y,.-x, +z); c, (y, -x+y, 1-z);d, (x-y, x, 1-z); e, (-x, -y, -z). 
-34.6(2) 
54.8(2) 
145.4(2) 
-125.2(2) 
163.7(2) 
71.8(3) 
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4.3.2.6 Electrochemlstry 
The electronic absorption spectrum of the [Co((CH2)3-tame)i]3+ complex implies 
a stronger ligand field in aqueous solution than that for the [Co(tame)i]3+ ion. This result 
enhances the possibility for reversible or quasi-reversible cyclic yoltammetry since the 
Co(II) ion night be low spin or close to the cross over. However, the CV given in Figure 
4.13 indicates that the Co(ID)/(II) reduction process is not chemically or electrochemically 
reversible, and only one reduction wave at -322 mv is present using different scan rates. 
It is believed that when the [Co((CH2h-tamehl3+ is reduced, at least some of the ligating 
atoms dissociate. 
8 ~ 6 
=N"' /N-
- 4 
/1\ 
<( 
=tqJ ::J -
2 
0 
-2 
600 400 200 0 -200 -400 -600 -800 -1000 
E (mv, vs SCE) 
Figure 4.13. The Cyclic Voltammogram of the [Co((CH2)3-tame)i]3+/2+ Couple in 0.1 
M NaCl (Scan rate of 100 mV s-1, Au working electrode, and 0.1 M NaCl as bridge). 
4.3.3 
4.3.3.1 
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Reactivity of [Co(en)3]3+ 
Reaction of [Co(en)3](CF3S03)3·H20 with formaldehyde 
153 
This reaction was one of the preliminary reactions used in the synthesis of 
[Co((CH2h-en)3]3+. The aim of using the triflate salt was to increase the solubility of the 
[Co(en)3]3+ cation in acetonitrile, and hopefully to increas.e its condensation rate with 
formaldehyde. However, the yield of the hexamethanimine complex was quite low 
(12%) by this route, and it is believed that the rates of both deformylation by H20 
catalysis and intramolecular water elimination are also increased. These implications are 
consistent with the isolation of several by-products, which are shown in Scheme 4.6. 
+(HCHO)n 
-nH20 
base 
II II II (~(J 
N N N 
II 11 II 
or 
<m 
Scheme 4.6 
(I) 
The compound (I) has been characterised by NMR spectroscopy, and the 13C 
NMR spectrum is especially simple as shown in Figure 4.14. The lH NMR spectrum 
consists of two pairs of doublets at 4.1, 4.2, 4.4, and 4.6 ppm which have been assigned 
to the oxa-bridge methylene hydrogen resonances related by the molecular C2 symmetry. 
The protons of the individual en groups are generally inequivalent due to coordination 
with the metal, and are geminally and vicinally coupled, giving rise to complex multiplets. 
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The 13C NMR spectrum consists of 5 signals and all of them have been assigned to 
methylene carbon resonances by a DEPT spectrum. The signals at 79.7 and 82.1 ppm are 
less intense but broader than the other signals and have been assigned to the two non-
equivalent oxa-bridge methylene groups. The signal at 45.2 ppm are assigned to the 
methylene carbon atoms of the isolated en ligand. The remaining signals at 48.2-and 48.2 
ppm have been assigned to the two non-equivalent methylene carbon atoms of the 
macrocycle. 
The compound (II) was also characterised by NMR spectroscopy. The 1 H and 
13C NMR spectra are shown in Figure 4.15. The lH NMR spectrum consists of four 
sets of signals at 7.4, 7.5, 7.6 and 7.9 ppm which have been assigned to imine protons. 
The signals at 4.3 and 4.7 are a pair (J = 10 Hz) and the signals at 4.5 and 4.6 ppm are 
another pair (J = 11.3 Hz) which have been assigned to the oxa-bridge methylene 
protons. The remaining signals are en proton resonances and the assignment of these 
signals was not attempted here. The 13C NMR spectrum consists of two signals, at 
176.8 and 177.7 ppm, which are assigned to the imine carbons. The signals at 82.4 and 
84.7 ppm correspond to the oxa-bridge methylene carbon atoms. All remaining signals 
have been assigned to en carbon resonances, and there is clearly a signal for each 
saturated carbon atom in this asymmetric ion. 
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Figure 4.14. Top: 300 MHz lH NMR Spectrum of (I) in 0.1 MDCI (dioxane 3.7 
ppm). Bottom: 75 MHz 13C NMR Spectrum of (I) in 0.1 MDCI (dioxane 67.4 ppm). 
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Figure 4.15. Top: 300 MHz lH NMR Spectrum of (II) in 0.1 M DCl (dioxane 3.7 
ppm). Bottom: 75 MHz 13C NMR Spectrum of (II) in 0.1 MDCI (dioxane 67.4 ppm). 
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4.3.3.2 Reaction of [Co(en)3]Cl3·4H20 with Formaldehyde 
The initial plan for this reaction was to obtain more of the stable by-products 
which were isolated from the hexaimine synthesis. These were thought to be 
thermodynamically stable under the synthetic conditions, and their structures were 
intriguing (a CoIIIN6 cage complex contains four methylene bridges). Although the 
original structure assignments for these by-products were not correct, they are important 
in understanding the reactivity of[Co(en)3]3+ and also its role in the cage chemistry. In 
the synthesis of the hexamethanimine complex [Co((CH2h-en)3]3+ (71 % yield), the 
starting material contained one water equivalent, 160 CH20.etjuivafonts were used, and 
the reaction time was very short (2 minutes}. In the present reaction, however, the 
starting material contained four water equivalents, only 12 CH20 equivalents were used, 
and the reaction was continued for two hours. As expected, there was no 
hexamethanimine complex present, but the one main complex isolated in this experiment 
was conspicuously different in colour from other [Co( en)3]3+ based products. 
Violet colour plate-like crystals were isolated which were very soluble in water but 
the colour changed to purple instantly in aqueous solution. Its lH NMR spectrum (Figure 
4.16, top) was quite complicated and displayed two pairs of doublets at 3.9., 4.0, 4.3, 
and 4.9 ppm. This is a pattern essentially the same as that of compound (I) in the 
previous reaction and is assigned to the oxa-bridge methylene hydrogen resonances. 
There were another five sets of signals at 2.2, 2.5, 2.8, 3.0, 3.1, 3.3 and 3.6 ppm. 
These signals are believed to be due to the en protons but were not assigned individually. 
The simple 13C NMR spectrum (Figure 4.16, bottom) shows only four signals, which 
implies that 2-fold or mirror symmetry relates carbon atoms in pairs. All signals have 
similar intensity, and have been assigned as methylene carbon resonances by a DEPT 
spectrum. The signals at 79.8 and 80.6 ppm have been assigned to the oxa-bridge 
methylene group, and the remaining signals at 48.1 and 48.2 ppm were assigned to the en 
based methylene carbons of the macrocycle. 
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Figure 4.16: Top: 300 MHz lH NMR Spectnini of the Violet. Crystals of 
CoCsH20N4CIJ·4H20 in 0.1 MDCI (dioxane 3.7 ppm). Bottom: 75 MHz 13C NMR 
Spectrum of the Violet Crystals.-in 0.1 M DCl ( dioxane 67.4 ppm). 
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The crystal structure of the violet crystal was solved by the X-ray analysis. 
Atomic coordinates and displacement parameters for the non-hydrogen atoms are given in 
Appendix 4.5 and for the hydrogen atoms, in Appendix 4.6. The drawing of the complex 
cation, Figure 4.17, clearly shows the CoN4 core with a monocyclic ligand, which has 
two oxa-bridges between en moieties. One ethylendiamine of the [Co(en)3]3+ reactant has 
been replaced by two chloride ions which coordinate with cobalt in a cis arrangement. 
Figure 4.17. Thermal Ellipsoid Diagram of the [Co(CsH20N4)Cl2]+ Cation with 
Labelling of Unique Non-hydrogen Atoms. (Ellipsoids show 50% probability levels and 
hydrogen atoms are drawn as circles of arbitrary small radius). 
Two bf the hydrogens on the nitrogen atoms poillt toward and the other two away 
from the chloride ions. According to a convention used for describing the nitrogen 
configurations of coordinated tetraaza macrocycles such as l,4,8, 11-
tetraazacyclotetradecane (cyclam),[20]Figure 4.18, this structure is described to be cis-V. 
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The form V is one of the idealized structures for the least strained octahedral complexes of 
1,4,8,11-tetraazacyclotetradecane, which are shown below. 
trans-I trans-II trans-III trans-IV ···cis-V 
Figure 4.18. Conventional Description of the Nitrogen Configurations in 1,4,8,11-
Tetraazacyclotetradec(,Ule. (The ~is and trans prefixes indicate whether the two remaining 
/i 
ligand sites in octahedral coordination wowd be cis or tr~s to each other. The signs + 
and - indicate whether the hyctrogens on the nitrogens would point outside or inside with 
the macrocycle lying on the paper plane). 
Selected interatomic distances and angles are listed in Table 4.10. Both the Co-N 
and Co-Cl bond lengths are quite normal for Co(Ill) complexes. The torsion angles are 
given in Appendix 4.7 . 
. Nqrm.ally, the CoN6 core of Co(ill) hexaamine complexes, such as [Co(enh]3+is 
very stable, in acid_ (,Uld neutral conditions. In a previous reaction, a similar complex has 
been isolated and its preliminary crystal structure confirms that it h.as the same monocyclic 
ligand structure as this one, but retains the chelated ethylenediamine ligand. It is therefore 
believed that the dioxa cyclane tetradentate forms first and the loss of the ethylendiamine 
is a subsequent event triggered by reduction to Co(II) and electron trap.sfer between the 
. . . 
labile Co(II) ion and the inert Co(III) complex. The formaldehyde is a reducing agent and 
could facilitate this process over longer reaction periods. 
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Table 4.10. Selected Bond Distances and Angles for the Cation in the 
Bond Distances (A) 
Co-Cl(l) 2.255(5) Co-Cl(2) 2.255(5) 
Co-N(l) 1.971 (6) Co-N(2) 1.973(9) 
Co-N(3) 1.963(6) Co-N(4) 1.960(9) 
0(1)-C(3) 1.42(2) O(l)-C(4) 1.38(1) 
0(2)-C(7) 1.39(2) 0(2)-C(8) 1.41 (2) 
N(l)-C(l) 1.49(1) N(l)-C(8) 1.46(1) 
N(2)-C(2) 1.48(2) N(2)-C(3) 1.47(2) 
N(3)-C(4) 1.47(1) N(3)-C(5) 1.48(1) 
N(4)-C(6) 1.47(2) N(4)-C(7) 1.47(2) 
C(l)-C(2) 1.52(2) C(5)-C(6} 1.49(2) 
Bond Angles (deg) 
Cl( 1 )-Co-Cl(2) 86.7(1) Cl(l)-Co-N(l) 93.8(2) 
Cl(l)-Co-N(2) 176.3(3) Cl(l)-Co-N(3) 90.6(2) 
Cl(l)-Co-N(4) 90.0(3) C 1(2)-Co-N(1) 89.7(2) 
Cl(2)-Co-N(2) 89.6(3) C1(2)-Co-N(3) 94.4(2) 
Cl(2)-Co-N(4) 176.7(3) N(l)-Co-N(2) 86.1(3) 
N(l)-Co-N(3) 174.2(3) N(l)-Co-N(4) 91.1(3) 
N(2)-Co-N(3) 89.7(3) N(2)-Co-N(4) 93.7(3) 
N(3)-Co-N(4) 85.1(3) C(3)-0(1)-C(4) 113.4(9) 
C(7)-0(2)-C(8) 116(1) Co-N(l)-C(l) 109.0(5) 
Co-N(l)-C(8) 117.4(6) C(l)-N(l)-C(8) 110.3(8) 
Co-N (2)-C(2) 107.8(7) Co-N(2)-C(3) 117.4(7) 
C(2)-N(2)-C(3) 107.9(9) Co-N(3)-C(4) 117.5(5) 
Co-N(3)-C(5) 109.8(5) C(4)-N(3)-C(5) 111.1(7) 
Co-N(4)-C(6) 108.5(7) Co-N(4)-C(7) 118.8(9) 
C( 6)-N ( 4 )-C(7) 110.4(9) N(l)-C( 1 )-C(2) 108.5(7) 
N(2)-C(2)-C( 1) 106.2(9) O(l)-C(3)-N(2) 110(1) 
0(1)-C(4)-N(3) 109.4(7) N(3)-C(5)-C(6) 108.2(7) 
N ( 4 )-C( 6)-C( 5) 106.5(8) 0(2)-C(7)-N(4) 112(1) 
0(2 )-C(8)-N ( 1) 110.2(8) 
4.3.4 
4.3.4.1 
Chemical Reactivity of [Co((CH2)2-en)3]3+ 
Reaction of [Co((CH2h-en)3](CF3S03)3 with Acetylaldehyde 
The reaction of [Co(CH2)3-sen]3+ with acetylaldehyde in the presence of base 
produced the monoaldehyde substituted cage in over 50% yield. (see the Chapter Three). 
Although the hexaimine [Co((CH2)z-en)3]3+ complex was expected to be less stable 
under basic conditions than the triimine, it was thc1.lght that formation of the dialdehyde 
substituted cage by the reaction of [Co((CH2)z-en)3]3+ with acetylaldehyde would still be 
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possible under similar conditions, especially if water is more rigorously excluded. 
Attempts to isolate the pure dialdehyde cage from the reaction mixture have not yet been 
very successful even by cation exchange chromatography under various conditions. It is 
believed at present that the dialdehyde cage was not separated properly by the Sephadex 
cation exchange chromatography, because of the interaction of the dialdehyde groups with 
hydroxy groups of the cation exchange resins, which spread the diaidehyde complex over 
the column. However the 13C NMR spectrum, Figure 4.19, clearly reveals the D3 
symmetric dialdehyde cage in one fraction from the chromatography. 
I I I I i , ' I t I I I I I I I ii I I ! I I I i I ii I I : I ii ij t ii I l I I I if I I I I I I I I I fl I I i I . I ( t fl li I I I I I I I I I ii t l ii I I I ti I 11 I I I I I I It ! 
200 180 160 140 120 f.00 80 60 40 20 PPM O 
Figure 4.19. 13C NMR Evidence for the Dialdehyde Cage in a Fraction of the Reaction 
Mixture in D20 ( dioxane, 67.4 ppm). 
As expected, the [Co(CH0)2-sar]3+ showed only four peaks, indicative of the C3 
symmetry. It is believed that the peak at 90 ppm is due to the carbon resonance of the 
hydrated form of the dialdehyde. The signal at 55.24 ppm was assigned to the quaternary 
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carbon atoms, and the peaks at 51.03 and 53.65 ppm were assigned to the methylene 
carbon atoms by the APT technique. 
4.3.4.2 Reaction of [Co((CH2h-en)3](CF3S03)3 with Nitromethane 
Several reactions under different conditions have been done. ·The first was carried 
out with 1 : 2 : 0.15 ratio of hexaimine complex : nitromethane : bas~, and gave more 
than 90% of starting material and no observed [Co(N02h-sar]3+ cage. A second reaction 
using 1 : 2 : 5 hexaimine complex to nitromethane to base ratio gave complexes containing 
methylene and ether bridges, but still no [Co(N02h-sar]3+. The third reaction was 
attempted with no base, but only hexaimine complex dissolved in nitromethane, and no 
products were observed at all even when the temperature was increased to 80°C for 14 
hours. The fourth was also conducted with no base, but included a little water as well as 
hexaimine complex in nitromethane. Under these conditions no [Co(N02)z-sar]3+ was 
found but some complicated bridge complexes developed after a long period. These 
results indicated that the coordinated [Co((CH2)z-en)3]3+ is not sufficiently stable under 
the basic conditions, possibly because of H20 impurities, and also that the reactions need 
excess base to proceed at all. 
One key point in the reaction design was therefore to make the reaction as fast as 
possible under basic conditions. The [Co((CH2)2-en)3]3+ compound was therefore 
completely dissolved in acetonitrile, and the solution was slowly added to a mixture 
containing only excess nitromethane and base. Under these conditions, the [Co(N02)2-
sar]3+ complex was isolated in 25% yield. It is believed that if a greater excess of 
nitromethane and base were used, and the reaction time reduced substantially, the yield 
would be higher. However, the most significant result from this reaction at present is not 
the yield, but that the reaction occurs to a significant extent. It is thus demonstrated that 
the hexaimine complex [Co((CH2)2-en)3]3+ can be a useful synthon for the facile 
synthesis of cage systems. 
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Reaction of [Co((CH2)2-enh](CF3S03)3 with Butyraldehyde 
The polarisation of the carbonyl group in aldehyde affects the acidity of protons 
on the carbon atom adjacent. In the case of acetylaldehyde there are three such a-protons, 
and in the reaction of [Co((CH2h-en)3]3+ and acetylaldehyde, all three a-protons have to 
be removed by the base in order to cap the template. It is believed. that the rate of this 
deprotonation process could be a key ·point in achieving the capping reaction, if 
hydrolysis is efficient. · If this is true, then when the deprotonation is much faster than the 
loss of imine, the fully capped cage should be efficiently achieved. The butyraldehyde 
has only two a-protons but it may react with [Co((CH2h-en)3]3+ compoundfaster. After 
the two step condensation between the hexaimine ·complex and butyraldehyde and the loss 
-
of an imine, the aldehyde group would react with the deprotonated coordinated amine to 
form a cap containing an imine, Scheme 4.7. 
(B) 
Scheme 4.7. Reaction Scheme of [Co((CH2h-en)3]3+ with CH3CH2CH2CHO under 
Basic Conditions in Acetonitrile. 
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However the reaction gave only a small amount of half capped compound (A) and 
some (B) which is a product of purely from [Co((CH2h-en)3]3+ hydrolysis under the 
basic conditions. This result, in conjunction with the overall results from the reactions 
with acetaldehyde and nitromethane, serves to imply that a more fundamental. key 
consideration is the rate of initial condensation of the imine_complex withthe deprotonated 
nucleophile, rather than the rate of proton dissociation. For example butyraldehyde under 
these conditions would react much more slowly with the imine than acetaldehyde. Future 
advances may therefore be made by increasing this rate relative to the imine hydrolysis 
rate. One general way could be to more rigorously exclude water impurities to reduce 
competition from the imine hydrolysis. This would especially apply to the aldehyde acids 
-
which are difficult to deprotonate to give large nucleophile concentrations. 
Both complexes (A) and (B) have been characterised by the NMR spectra shown 
in Figures 4.20 and 4.21. 
The 1 H NMR spectrum of (A) clearly shows the tail methyl group at 1.04 ppm 
and the tail methylene group at 1.87 ppm. The en and cap methylene proton resonances 
were not assigned individually but they are clearly located between 2.5 and 4.4 ppm. The 
signal at 8.57 ppm has been assigned to the cap imine proton. The signals at 7.46, 7 .56, 
7.71, 7.97 and 8.11 ppm were assigned to the methanimine protons. 
The 13C NMR spectrum of (A) shows the tail methyl signal at 8.53 ppm and the 
tail methylene resonance at 26.27 ppm. A notable feature is that the quaternary carbon 
resonance, characterised by the APT technique, is shifted downfield by a normal ~­
substituent effect compared with that of [Co(sen)]3+. The signal at 54.22 ppm has been 
assigned to the quaternary carbon atom by an APT spectrum. The cap imine C atom was 
assigned to the signal at 186.79 ppm and the other three signals of 175.68, 177.21 and 
177.39 were assigned to the methanimine moieties. The signals at 64.09, 64.29 and 
64.38 ppm have been assigned to the en methylene groups next to the coordinated 
methanimine. The signal at 60.24 ppm has been assigned to the en methylene, adjacent to 
the cap imine. The remaining signals at 51.74, 52.16, 52.78 and 54.59 ppm were 
assigned to the en and cap methylene carbon atoms. 
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The 1H NMR spectrum of (B) shows two main groups of signals, one between 
2.7 and 5.3 ppm which were assigned to the methylene proton resonances of the en and 
the oxa-bridge, and the other between 7.5 and 8.2 ppm assigned to the methanimine 
proton resonances. 
The 13C NMR spectrum of (B) consists of 11 signals. The signals at 116.72 and 
179.47 ppm were assigned to the methanimine carbon atoms. The signals at 83.71 and 
84.71 ppm were assigned to the oxa-bridge methylene groups. The signal at 72.02 ppm 
was assigned to the carbinolamine carbon resonance. The signals at 58.50 and 64.97 
ppm were assigned to the methylene carbon atoms, next to the methanimine, in the en 
fragments. The remaining signals at 46.47, 48.51, 49.59 and 50.38 ppm were assigned 
to the remaining methylene carbon atoms of en. 
4. 4 Conclusions 
Two coordinated hexamethanimine complexes [Co((CH2)i-en)3]3+ and 
[Co((CH2h-tame)i]3+ have been isolated. It was found that these compounds are quite 
stable and under the right conditions can be used as synthetic templates for nucleophilic 
addition. The X-ray crystallographic analyses of the two hexaimine molecules define the 
structure of the methanimine moieties. A series of intermediates were also isolated and 
these studies reveal more clearly the nature of the various reactions and products involved 
in the template cage syntheses, and they substantially advance the understanding of how 
to achieve and direct these reactions in efficient ways. 
::'# 
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Figure 4.20. Top: 300 MHz lH NMR Spectnun of (A) in 0.1 M DCl (dioxane 3.7 
ppm). Bottom: 75 MHz 13C NMR Spectrum of (A) in 0.1 M DCl (dioxane 67.4 ppm). 
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CHAPTER 
The Synthesis and Properties of [Co(ll)(Me8-
tricosaneN6)]2+ 
5 . 1 Introduction 
171 
Under ordinary chemical conditions, cobalt is most commonly encountered in the 
high spin d7 oxidation state Co(II). When the cobalt atom is coordinated to six nitrogen 
donor atoms, however, cobalt(III) becomes relatively much more stable, and it is these 
low-spin d6 complexes of cobalt (III) that have provided many interesting kinetically 
stable compounds and made important contributions to the early history of coordination 
chemistry. [ 1] 
The initial attempts to obtain the saturated Co(III) octa methyl N6 cage molecule 
mentioned in Chapter One by the reduction of [Co(IIl)(Meg-tricosanetrieneN6)]3+ with 
BH4- in the same way as for analogous smaller cages failed but unanticipated and 
interesting results have emerged. This chapter describes new developments for the 
reduction of the Co(ill) triimine which lead to a novel kinetically stable high-spin Co(II) 
octa methyl N6 cage compound. This complex exhibits an unprecedented stability 
towards oxidation. To establish its molecular geometry and unravel some aspects of its 
unique stability, the crystal structure of [Co(Me8-tricosaneN6)](N03) 2·H20 containing one 
diastereoisomer was determined. At the same time, another air stable diastereoisomer of 
the [Co(Me8-tricosaneN6)]2+ ion was isolated as the [Co(Me8-tricosaneN6)]ZnCl4 salt. 
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Its crystal structure was also determined and the surprising configurational change was 
established by this route. This study authenticates that the six methyl groups in the three 
annular six-membered rings of the molecule organize important steric influences which 
stabilise the Co(II) ion. The Co(II) complex system also features interesting and 
extraordinary electrochemical properties in comparison to analogous cages, as well as to 
cobalt hexaamine complexes in general. 
5 . 2 Experimental Section 
5.2.1 Synthesis 
5 .2.1.1 (1,5,5,9,13,13,20,20·0ctamethyl·3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosa-3,14,18-triene )cobalt(III) Chloride 
Tetrachl~rozincate, [Co(Mes·tricosatrieneN,)](ZnCl4)Cl. 
[Co(tameh]Cl3·H20 (1.0 g, 0.0025 mol) and NaCl04 (4.7 g) were dissolved in 
acetonitrile (25 ml) with stirring. To the yellow-orange suspension, isobutyraldehyde 
(9.6 g, 0.133 mol) and paraformaldehyde (0.4 g, 0.0133 mol) were added. After stirring 
for 30 min, 4 ml of triethylamine was added and vigorous stirring was maintained. The 
reaction was quenched after 30 min with 4 M HCl (8 ml). Unreacted solid was filtered 
off and washed with water. The filtrate was diluted with water to 1 litre and adsorbed 
onto a SP-Sephadex C-25 resin column (30 x 500). The column was eluted with 0.2 M 
K1S04 solution. The. last light-red band was collected and desalted on AG Dowex 50W-
X2 resin by washing the column with water and 1 M HCl, and finally eluted with 4M 
HCl and the 4 M HCl eluate was evaporated to dryness. The solid product was 
redissolved in small amount of water and treated with H2ZnCl4 solution to yield a 
crimson-purple precipitate. The solid was collected by filtration and washed with some 
cold water, ethanol, diethyl ether and dried in air. Yield 0.158 g (17%). lH NMR (ppm, 
dioxane at 3.7 ppm) in D20: o 0.99 (s, 3H, cap CH3); o 1.00 (s, 3H, cap CH3); o 1.27 
(s, 9H, ring CH3); o 1.33 (s, 9H, ring CH3); o 2.1-3.4 (complex patterns, 18H, CH2); 
o 7.99 (N=CH). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20.94, 21.27 (cap 
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CH3); o 24.39, 24.45 (ring CH3); o 38.40 (cap qC); o 39.65 (ring qC); o 58.45, 
61.18, 69.88 (CH2); o 192.87 (N=C). 
5.2.1.2 (1,5,5,9,13,13,20,20-0ctamethyl-3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )cobalt(II) Dinitrate Monohydrate, _ 
[ Co(Mes-tricosaneN6) ](N03)i· H20. 
[CoIIl(Me8-tricosatrieneN6)](ZnC14)Cl·3H20 (20.2 g, 0.0236 mol) was dissolved 
in water and adsorbed on a short cation exchange column (AG 50W-X2, H+ form, 45 x 
200). The column was washed with water (500 ml) and then with 1 M HCl (1 L) to 
remove Zn2+ ions. The complex was eluted with 4M HCl and the eluate was evaporated 
-
to dryness on a rotatory evaporator. The purple-red solid (18.2 g) was redissolved in 
. water (200 ml) and the solution was adjusted to pH 6 to 7 by addition of saturated 
NaHC03 solution. To another beaker, NaBH4 (5.357 g, 6 x 0.0236 mol) was dissolved 
in Na2C03 solution (50 ml, pH ca. 10 - 11) and this solution was poured into the above 
solution. The colour of the reaction mixture changed gradually from dark red to light 
purple in 10 minutes. The reaction was quenched after 20 minutes by pouring the 
reaction mixture into a beaker of saturated NaHC03 solution (400 ml) and effervescence 
proceeded over 30 minutes. After ca. 1 hour some white and black solid were filtered off 
and the solution was diluted with water (10 L) and adsorbed on a cation exchange resin 
column (SP-Sephadex C-25, Na+ form, 40 x 800). The resin was washed with water (2 
L) and the complexes were eluted with LiN03 solution (0.1 M). Only one slowly moving 
light purple band was observed and then the concentration of eluent was increased to 0.2 
· M. The eluate was evaporated at ca. 30°C to near dryness to yield a pink suspension 
which was filtered and the pink solid was washed with iced water. Yield 14.25 g 
(94.4% ). Crystals of the dinitrate salt suitable for an X-ray crystallographic analysis were 
grown from the eluate by slow evaporation. Anal.Cale. for CoC2sHs~6-(N03)2·H20: 
C, 46.94; H, 8.82; N, 17.52; Co, 9.21. Found: C, 46.70; H, 9.18; N, 17.43; Co, 9.30. 
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5. 2.1.3 (1,5,5,9,13,13,20,20-0ctamethyl-3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )cobalt(II) Dichloride Trihydrate, 
[ Co(Mes-tricosaneN 6)] Cl2· 3H20. 
[Coil(Me8-tricosaneN6)](N03) 2·H20 (6.4 g, 0.01 mol) was topped onto an anion 
exchange column (Dowex 1-X8, Cl- form, 45 x 250). The complex was eluted with 
water and light purple eluate was evaporated to dryness to give purple product. Yield 6.2 
g (99%). Anal. Cale. for CoC2sHs4N6·Cl2·3H20: C, 48.23; H, 9.71; N, 13.50; Cl, 
11.39; Co, 9.47. Found: C, 48.99; H, 9.58; N, 13.27; Cl, 11.90; Co, 9.51. 
5 .2.1.4 (1,5,5,9,13,l3,20,20-0ctamethyl-3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )cobalt(II) Tetrachlorozincate, 
[Co(Mes-tricosaneN6)]ZnCl4. 
[Co(Me8-tricosaneN6)]Cl2·3H20 was dissolved in water and some 0.8 M 
H2ZnCh solution was added. On slow evaporation in air violet crystals formed in days. 
Anal. Cale. for CoC2sHs4N6ZnC14: C, 42.60; H, 7.72; N, 11.92; Cl, 20.11; Co, 8.36. 
Found: C, 42.34; H, 7.45; N, 12.14; Cl, 20.40; Co, 8.20. The structure of the complex 
was established by a single crystal X-ray crystallographic analysis. 
5.2.2 
5.2.2.1 
X-ray Structure Determination 
[Coll(Mes-tricosaneN6)](N03)2·H20 
A fragment having approximate dimensions of 0.21 x 0.18 x 0.07 mm was 
cleaved from a pale-pink plate crystal of [Coil(Meg-tricosaneN6)](N03)2·H20 and was 
mounted on a quartz fibre. Intensity data were collected on a Phillips PW 1100/20 
diffractometer using the ro - 28 scan technique and monochromated MoKa. radiation. 
Cell constants and an orientation matrices were obtained from a least-squares refinement 
using the setting angles of 25 carefully centred reflections in the range 21.84 < 
2 8 < 31.51 °. A total of 2185 reflections was collected and a decay correction of 2 % was 
applied. The data were corrected for Lorentz and polarisation effects. The structure was 
solved by direct methods and expanded using Fourier techniques. The non-hydrogen 
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atoms were refined with anisotropic displacement factors. The hydrogen atoms attached 
to nitrogen atoms were refined positionally with a common isotropic B, while those 
bonded to carbon atoms were included in fixed positions. The final cycle of full-matrix 
least-squares refinement was based on 1296 observed reflections with!> 3.00 cr([) and 
197 variable parameters. All calculations were . peiformed using the teXsan 
·crystallographic software package of the Molecular Structure Corporation. A summary of 
the data is given in Table 5.1. 
Table 5.1. Crystallographic Data for [Coll(Meg-tricosaneN6)]·(N03)i·H20 
Chem formula C2sHs6CoN s01 T, °C 23.0 
FW 639.70 crystal system monoclinic 
a, A 10.442(3) space group C2/c 
b, A 17.347(6) dcalcd' g/cm3 1.364 
c, A 17.830(5) A, (MoKa), A 0.71069 
/3, deg 105.31(2) µ (MoKa), cm-1 6.06 
v A3 
' 
3115 (2) R# 0.044 
z 4 Rw# 0.032 
#Residuals: R = L.11Fol -Fcll/L.1Fol; Rw = [L,w(1Fol -1Fcl)2/L,w(Fo)2)]112. 
5.2.2.2 [ Coll(Mes-tricosaneN 6)] Zn Cl4 
A violet wedge-shaped crystal of [Coll(Meg-tricosaneN6)]ZnC14 having 
approximate dimensions of 0.21 x 0.18 x 0.07 mm was mounted on a glass fibre. All 
measurements were made on a Rigaku AFC6S diffractometer with graphite 
monochromated Mo-Ka radiation. Cell constants and an orientation matrices for data 
collection, were obtained from a least-squares refinement using the setting angles of 25 
carefully centred reflections in the ranges 28 < 28 < 33°. A total of 3218 reflections was 
collected and a decay correction of 2% was applied. The data were corrected for Lorentz 
and polarisation effects. The structure was solved by direct methods and expanded using 
Fourier techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen 
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atoms were placed at calculated positions; those attached to the nitrogen atoms were 
allowed to refine in x, y, z while the remainder were not refined but were periodically 
recalculated. The final cycle of full-matrix least-squares refinement was based on 1609 
observed reflections (I> 3.00 cr (/)) and 178 variable parameters and converged with 
unweighted R and weighted Rw agreement factors. All calculations-were performed using 
the teXsan crystallographic software package of the Molecular Structure Corporation and 
Table 5.2 summarises details of the crystal properties. 
Table 5.2. Crystallographic Data for [Coil(Meg-tricosaneN6)]ZnCl4 
Chem formula C25H54Cl4CoN6Zn T, °C 23.0 
FW 704.87 crystal system orthorhombic 
0 
a, A 10.733(4) space group Pbcn (#60) 
b, A 19.038(4) dcalcd· g/cm3 1.461 
0 
c, A 15.678(4) /.., (MoKa.), A 0.71069 
µ (MoKa.), cm-1 12.26 v,A3 3203 (2) 
R# 0.034 z 4 
Rw# 0.029 
#Residuals: R = ~)IFol -Fcll/I,IFo; Rw = [I,w(1Fol -1Fc1)2/I,w(Fo)2)]1'2. 
5 . 3 Results and Discussion 
5.3.1 Synthesis of the [Colll(CH3)g·tricosatrieneN6)]3+ Cage 
The unsaturated precursor cage complex [CoIIl(CH3)g-tricosatrieneN6)]3+, was 
obtained by a template synthesis on [Co(tameh]Cl3 using paraformaldehyde (5.5 equiv.) 
and isobutyraldehyde (55.4 equiv.) reagents under basic conditions in acetonitrile at room 
temperature. The synthesis of the triimine Co(llI) cage was a relatively fast reaction and 
the proposed mechanism is given in Scheme 5.1, which outlines two possible reaction 
routes. For each path, there are three main steps involved in the formation of the chelate 
rings; formaldehyde condensation with a deprotonated coordinated primary amine, the 
aldehyde group condensation of the iso-butyraldehyde with a deprotonated coordinated 
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amine group, and the addition of the carbanion of the iso-butyraldehyde at the activated 
methanimine carbon atom. Previous studies (e.g. Chapter Three of this thesis) indicated 
that all three steps are fast under similar conditions and therefore both paths are possible . 
. !n fact, it is likely that both paths and in particular the reactions of step one and two occur 
at similar rates. For the sake of simplicity, the scheme only_displays th~ formation of one 
chelate ring in detail, but the actual mechanism is likely to be more complicated. 
(CH3)2CHCHO, 
(HCHO)n, NEt3 
Scheme 5.1. Proposed Mechanism for the Synthesis of [CoIII(Me8-tricosatrieneN6)]3+. 
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The pure triimine complex was isolated following cation exchange 
chromatography. The chloride salt of the red-purple triimine complex was both very 
soluble and stable in aqueous solution. The 13C NMR spectrum of [Colll(Me8-
tricosatrieneN6)]3+ in D20 consists of ten signals highlighting the C3 symmetry of the 
complex in solution. The signals at 20.93 and 21.27 ppm are assigned to tbe apical 
methyl groups. The signals at 24.39 and 24.45 ppm are about three times more intense 
and are assigned to the annular ring methyl carbon resonances. The signals at 38.40 and 
39.64 ppm have intensity ratio of about 2:3 and are assigned to the apical and annular 
quaternary carbon atoms respectively by an APT spectrum. The signal at 192,87 ppm is 
assigned to the imine carbon atoms. The remaining signals at 58.43, 61.18 and 69.88 are 
assigned to the methylene carbon resonances. 
5.3.2 Synthesis of the [Coll(Mes-tricosaneN6)]2+ Cage 
In Co(III) amine chemistry, most of the saturated compounds derived from imines 
have been prepared by using the reducing agents BH4- or NCBH3-. Under basic 
conditions using a moderate excess, these reagents rapidly reduce the imine to amine but 
do not usually reduce the metal ion to the Co(ll) very efficiently.[2, 3] The larger cavity 
size conformations of the [CoIIl(Mes-tricosaneN6)]3+ cage are thought to be more 
energetically accessible than those of [CoIII(Me5-tricosaneN6)]3+ and it was expected 
therefore that the metal ion in the [CoIIl(Mes-tricosaneN6)]3+ complex would be reduced 
to Co(Il) more readily than that in the [CoIII(Me5-tricosaneN6)]3+ analogue. So a 
carefully designed reduction of [Colll(Meg-tricosatrieneN6)]3+ to the saturated [Colil(Mes-
tricosaneN6)]3+ form was carried out. The reaction was done with a relatively low excess 
of reducing agent (NaBH4 at pH ca. 10), and for a short reaction time in an attempt to 
avoid reduction of the metal ion. The final product (after several hours work-up in 
aqueous conditions), however, was always a nearly quantitative yield of the [Coll(Mes-
tricosaneN6)]+2 compound, based upon a single eluted band on the column, good 
analysis results and reasonabe visible and near infrared spectra. Finally, the structure of 
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the product was confirmed by a single crystal X-ray analysis of the [Coll(Me 8-
tricosaneN6)](N03)2·H20 molecule. 
The proposed reaction scheme is depicted in Scheme 5.2. The triimine ligand of 
the Co(ill) cage was reduced to the saturated Co(ill) hexamine cage first followed by the 
Co(ill) ion reduction to the Co(II). It is very likely that the first step is efficient and fast 
according to past experience, and occurs in minutes. The second step is also relatively 
fast based on these experimental results although it may take hours to complete. It is 
possible that the cobalt(III) ion is not reduced by the reducing agent NaBH4, but by the 
water under the basic conditio11s of the experiment. ·. , Support for this proposal 
comes from stability studies of the [CoIIl(CH3)s-tricosaneN6)J3+ complex (described in 
. 
Chapter Six) which generates [Coll(CH3)g-tricosaneN6)]2+ quantitatively in water under 
weakly basic conditions at room temperature, and these are discussed in Chapter Six. 
Scheme 5.2. Proposed Synthetic Mechanism for the [Coll(Me8-tricosaneN6)]2+ Ion. 
The [Coll(Mes-tricosaneN6)](N03)i·H20 complex was isolated by direct 
evaporation of the eluate at ca. 30°C from the cation exchange chromatography, which 
displayed only one band with LiN03 eluent. The salt is sparingly soluble in water as is 
the perchlorate salt, although the chloride and acetate salts are much more soluble. The 
dinitrate salt of the [Coll(Me8-tricosaneN6)]2+ complex was also crystallised slowly from 
the eluate of SP-Sephadex C-25 column upon evaporation of water in the air. Nice pink 
crystals formed over hours or days depending on the starting concentration of the 
complex. 
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An intriguing phenomenon was the colour changes of the solids formed using 
different anions, and some examples are given in Table 5.3. The colour changes of 
different anion salts could be a consequence of conformation changes in the molecule, 
leading to different cavity size and therefore different Co-N bond lengths. The 
investigation below, however, shows that a configuration change at the nitrogen atoms 
has also been involved in at least one case. 
Table 5.3. Colours of.Different Solid Salts of [Coll(Mes-tricosaneN6)]2+ 
Anions 
Colour 
5.3.3 
c1-
purple 
Description of the Structures 
ZnC153-
violet 
Two single crystal structures of the [Coil(Mes-tricosaneN6)]2+ cation, in the 
[Co(Mes-tricosaneN6)]·(N03)2·H20 and [Co(Mes-tricosaneN6)]ZnCl4 salts, were 
determined by X-ray analysis. Not only the conformations but also the nitrogen 
configurations are different in the two structures. In fact, this is the first example of a 
situation where different diastereoisomers have been observed in CoN6 cage complexes, 
and a detailed description is given below. It should also be pointed out here that the 
interpretation of the properties of the [Co(II)(Meg-tricosaneN6)]2+ system are based 
mainly on the structure in [Co(Mes-tricosaneN6)](N03)2·H20, as this is also believed to 
be the main species in most solvents. 
5.3.3.1 
The structure of the [Coll(Mes-tricosaneN6)]2+ ion was established by a single 
crystal X-ray analysis of its dinitrate salt and ORTEP plots of the cation with the atomic 
numbering scheme are presented in Figure 5.1. The structure has quite a different 
conformation from that of the [Colll(Me5-tricosaneN6)]3+ cation.[4] The six-membered 
chelate rings formed by the 1,3-propanediamine bridges have a lel3 skew boat 
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arrangement, so that in each ring, the two methyl groups are stereochemically equivalent, 
and a plane through the three skeletal carbon atoms is roughly parallel to the C3 axis of the 
cation. There are seven chiral centres in the ion arising from the configurations about the 
six nitrogens atoms and the Co(II) ion. In the A enantiomer all six nitrogen chiral centres 
have the same S configuration and the structure is essentially D3 symmetric overall. 
(a) (b) 
Figure 5.1. ORTEP Drawings (50% thermal ellipsoids) and the Atomic Labelling 
Scheme of the [Coll(Me8-tricosaneN6)]2+ Cation. (a) View Showing the Cobalt Centre 
(hydrogen atoms are omitted for clarity) (b) View down the C3 Axis (Nitrogen-hydrogen 
atoms are drawn as circles of arbitrary small radius). 
Selected bond distances and angles for the [Coll(Mes-tricosaneN6)]2+ complex are 
listed in Table 5.4. Atomic coordinates and isotropic displacement parameters are given 
in Appendix 5.1. The crystal structure shows an average Co-N bond length of 2.223 A 
which is about 0.03-0.06 A longer than that of the smaller cavity homologues and Co11N6 
amine complexes generally as illustrated in Table 5.5. This difference is consistent with a 
weaker ligand field for octa methyl ligand and a substantially larger cavity size for this 
conformation. The crystal has a moderately distorted octahedral geometry for the ligating 
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atoms. The average twist angle, cp, measured between the planes of the N(12)-C(2)-
C(2)* and N(16)-C(2)-C(2)*, N(22)-C(2)-C(2)* and N(22)*-C(2)-C(2)*, N(16)*-C(2)-
C(2)* and N(l2)*-C(2)-C(2)*, was 45.98° which indicated a much smaller distortion 
than that in some smaller cavity Co(II) cages (</J- 30°).[5] An analysis ofthe trigonal-
prismatic and octahedral preferences in hexaamine cage complexes indicated thatthere is a 
group of largely high-spin complexes whose structures have approximately constant twist 
angles ( </J ""' 30°) and their structures are the result of ligand dictation. [ 5] Because no free 
the 
ligand structure of octa methyl cage is available, it is not possible to experimentally verify 
A 
the steric influences of the ligand conformation in determining the Co(II) octa methyl cage 
geometry at this stage. However, in view of expected cavity size difference between the 
-
octa methyl (in this conformation) and penta methyl cages [4], it is presumed that the 
electronic.preference for octahedral geometry in the octa methyl Co(II) molecules would 
be quite small. 
T bl 5 5 C (II) N B do· t a e . : 0 - on 1s ance c ompar1sons o f D'ffi t C N A . C 1 eren 0 6 mme I xes ompe 
Structure of Co(II) Complexes aveM-N Ref. 
(A) 
[Co(NH3)6]Cl2 2.170 [6] 
[Co(en)3]3+ 2.176 [7] 
[Co(tacnh]l2·2H20 2.16 [8] 
[Co(tmen)3](CF3S03)2·EtOH 2.19 [9] 
[Co(sep)]S206·H20 2.164 [10] 
[Co((NH3)2-sar)](N03)4·H20 2.17 [5] 
[Co(Mes-tricosaneN6) ](N03)2-H20 2.223 This Work 
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Table 5.4: Selected Bond Distances (A) and Angles (0 ) for the Cation in [Coll(Me8-
tricosaneN6)](N03)i·H20. 
Bond Distances (A) 
Co(l)-N(l2) 2.240(4) 
Co(l)-N(22) 2.228(5) 
N(12)-C(13) 1.498(7) 
N(16)-C(l 7) 1.504(7) 
N(22)-C(23) 1.478(7) 
C(2)-C(l 1) 1.536(6) 
C(2)-C(21) 1.532(7) 
C(14)-C(15) 1.512(7) 
C(14)-C(l42) 1.541(8) 
C(24 )-C(241) 1.529(7) 
Co(l)-N(16) :2.202(5) 
N(12)-C(l 1) 1.490(6) 
N(16)~C(15) 1.486(6) 
N(22)-C(21) 1.494(7) 
C(l)-C(2) 1.552(6) 
C(2)-C(17)* 1.541(8) 
C(13)-C(14) 1.537(7) 
C(14)-C(141) 1.524(8) 
C(23)-C(24) 1.539(6) 
Bond Angles (deg) 
N(12)-Co(l)-N(12)* 
N(l2)-Co(l)-N(16)* 
N(12)-Co(l)-N(22)* 
. N(16)-Co(l}-N(22) 
N(22)-Co(l)-N(22)* 
Co(l)-N(12)-C(l 1) 
C(l 1)-N(12)-C(13) 
Co(l)-N(16)-C(l 7) 
Co(l)-N(22)-C(21) 
C(21 )-N (22 )-C(23) 
C( 1)-C(2)-C(17)* 
C(l 1)-C(2)-C(l 7)* 
C(l 7)*-C(2)-C(21) 
N(12)-C(13)-C(14) 
C( 13)-C( 14)-C(141) 
C(l 5)-C( 14 )-C(l 41) 
C(l 41)-C(l4)-C(142) 
N(16)-C(l 7)-C(2)* 
N (22)-C(23 )-C(24) 
C(23)-C(2i1 )-C(241) 
C(241 )-C(24 )-C(241 )* 
170.7(3) 
88.1(2) 
101.3(2) 
167.9(2) 
86.8(3) 
114.4(3) 
111.6(5) 
113.6(3) 
114.3(4) 
112.6(4) 
106.0(5) 
111.8(5) 
112 4(4) 
114.3(5) 
108.1(5) 
111.1(5) 
109.1(5) 
115.4(5) 
114.5(4) 
110.8(3) 
108.2(6) 
N( 12)-Co( 1)-N{16) 
N(12)-Co(l)-N(22) 
N ( 16)-Co(l )-N(l 6)* 
N( 16)-Co( 1 )-N(22)* 
Co(l)-N(12)-C(13) 
Co(l)-N(16)-C(15) 
C(l5)-N(16)-C(l 7) 
Co( 1 ).,N (22 )-C(23) 
C( 1)-C(2)-C(11) 
C( 1 )-C(2 )-C(21) 
C(ll)-C(2)-C(21) 
N(12)-C(l 1)-C(2) 
C(13)-C(14)-C(l5) 
C(13)-C(14)-C(l42) 
C( 15)-C( 14)-C(142) 
N ( 16)-C(l 5)-C(l 4) 
N(22)-C(21)-C(2) 
C(23)-C(24)-C(23)* 
C(23 )-C(24 )-C(241 )* 
Twist Angles (deg) 
N( 12)-C(2)-C(2)*-N( 16) 46.41 
N(22)-C(2)-C(2)*-N(22)* 45.13 
N( 16)*-C(2)-C(2)*-N( 12)* 46.41 
*indicates atom generated by the symmetry operation (1 - z, y, 1.5 - z). 
86.1(2) 
85.5(2) 
101.9(3) 
86.4(2) 
108.9(3) 
108.8(3) 
111.0(4) 
108.5(3) 
106.4(4) 
107.0(5) 
112.7(5) 
115.5(4) 
110.8(5) 
109.8(5) 
107.9(5) 
113.4(5) 
115.0(5) 
110.2(6) 
108.4(3) 
5.3.3.2 Structure of [Coll(Me8-tricosaneN6)]2+ in ZnCl42· Salt 
As mentioned above, some of the anion salts of the Co(II) octa methyl cage 
possess quite different colours, and there could be interesting reasons for the colour 
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changes. One of these solids, the violet [ColI(Meg-tricosaneN6)]ZnC14 salt was carefully 
crystallised to give X-ray quality crystals. A single crystal X-ray analysis shows a very 
interesting structure which has different ring conformations and nitrogen atom 
configurations compared to those of the pink [Coll(Mes-tricosaneN6)l(N03)i·H20 
crystals. A comparative view of the cations in the two crystal structures of [Coll(Me8-
tricosaneN6)](N03h·H20 (a) and [Coll(Mes-tricosaneN6)]ZnCk(b) is given in Figure 
5.2. 
(a) (b) 
Figure 5.2. OR TEP Drawings of the Two Cations in [Coll( Mes-
tricosaneN6)](N03)i·H20 (a) and [Coll(-Mes-tricosaneN6)]ZnCl4 (b), Viewed down 
the Bicyclic Axes. 
The view down the axes of the bicyclic frames shows that in the ZnCl42- cation 
(b), only one of three annular six membered rings (the top one) retains its skew-boat 
conformation, and the other two have in chair conformations. Secondly, one nitrogen 
atom in each cap (Nl2 and N12*) is inverted, and the configurations at these nitrogen 
sites are R, whereas the other four have the S configurations in the A enantiomers shown. 
There are also some obvious differences among the individual lengths of Co-N bonds 
although the average distance is very similar to that of the A (S6) isomer in the (N03)2 
salt. The molecule has C2 symmetry, and alternative views of the cation in the [Coll(Mes-
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tricosaneN6)]ZnCl4 structure are depicted in Figure 5.3. Selected bond distances and 
angles for the [Coil(Meg-tricosaneN6)]2+ complex are listed in Table 5.6. The atomic 
coordinates and isotropic displacement parameters are given in Appendix 5.2. 
(a) (b) 
Figure 5.3. Thermal Ellipsoid Diagram (50% Probability levels except for hydrogen 
atoms which are drawn as spheres of arbitrary radius) of the [Coil(Meg-tricosaneN6)]2+ 
Cation in the [Coll(Me8-tricosaneN6)]ZnCl4 Salt with Labelling of Selected Atoms. 
(Hydrogen Atoms except that of nitrogen have been deleted for clarity. Asterisks indicate 
atoms generated by the two-fold symmetry operator). (a) View showing the Cobalt 
Centre (b) View down the Molecular Axis. 
This is the first CoN6 cage structure to show differences in chirality for the 
coordinated nitrogen atoms. Also, this is the first time that both the conformation and 
diastereomeric configuration of this kind of molecule have been changed in the solid 
lattice, just by varying the anion to isolate different crystals. It is believed that the 
configurational change is due to relatively rapid Co-N bond ruptures, consequent 
inversion of the nitrogen-atoms and reformation of the Co-N bonds. These changes, 
however, occur rapidly on the time scales for the crystallization of the various salts. 
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Table 5.6. Selected Bond Distances and Angles for the Cation in the [Coll(Me8-
tricosaneN6) ]ZnC4 
Bond Distances (A) 
Zn(l)-Cl(l) 2.276(1) 
Co(l)-N(l2) 2.135(4) 
Co(l)-N(22) 2.206(4) 
N(l2)-C(ll) 1.485(7) 
N(l6)-C(l5) 1.476(7) 
N(22)-C(21) 1.500(6) 
C(l)-C(2) 1.531(7) 
C(2)-C(l 7) 1.542(7) 
C(l3)-C(l4) 1.521(7) 
C(l4)-C(l41) 1.533(7) 
C(23)-C(24) 1.527(6) 
Zn(l)-Cl(2) 2.275(2) 
Co(l)-N(l6) 2.355(4) 
N(l2)-C(l3) 1.490(7) 
N (16)-C(l 7) 1.494(7) 
N(22)-C(23) 1.493(6) 
C(2)-C(l l) 1.528(7) 
C(2)-C(21) 1.514(6) 
C(l4)-C(l5) 1.524(7) 
C(l4)-C(l42) 1.542(7) 
C(24)-C(241) 1.536(6) 
Bond Angles (deg) 
N(l2)-Co(l)-N(l2)* 
N ( 12)-Co( 1 )-N ( 16)* 
N(l2)-Co(l)-N(22)* 
N(l6)-Co(l)-N(22) 
N (22)-Co( 1 )-N (22)* 
Co(l)-N(l2)-C(l3) 
Co( 1)-N(16)-C( 15) 
C(l5)-N(l6)-C(l 7) 
Co( 1 )-N(22)-C(23) 
C(l)-C(2)-C(l l) 
C( 1 )-C(2)-C(2 l) 
C(l l}-C(2)-C(21) 
N(l2)-C(l l)-C(2) 
C( 13)-C(14)-C(15) 
C(l3)-C(l4)-C(l42) 
C(l5)-C(l4)-C(l42) 
N(l6)-C(l5)-C(l4) 
N(22)-C(21)-C(2) 
C(23)-C(24 )-C(23)* 
C(23)-C(24)-C(241)* 
151.1(2) 
80.6(2) 
110.8(2) 
166.2(2) 
88.8(2) 
119.5(4) 
116.7(3) 
109.0(4) 
107.3(3) 
107.8(4) 
106.9(4) 
112.5(4) 
113.3(4) 
111.8(4) 
106.1(4) 
107.2(4) 
117.1(5) 
116.9(4) 
111.9(5) 
107.0(3) 
N(l2)-Co( 1)-N( 16) 
N(l2)-Co(l)-N(22) 
N(l6)-Co(l)-N(l6)* 
N (16)-Co( 1 )-N (22)* 
Co(l)-N(l2)-C(l l) 
C(l l)-N(l2)-C(l3) 
Co( 1 )-N (16)-C( 17) 
Co(l)-N(22)-C(21) 
C(21)-N(22)-C(23) 
C( 1)-C(2)-C(17)* 
C(l l)-C(2)-C(l 7)* 
C( l 7)*-C(2)-C(2 l) 
N(l2)-C(l3)-C(l4) 
C( 13)-C(14)-C(141) 
C( 15)-C( 14)-C(141) 
C(l41)-C(l4)-C(l42) 
N( 16)-C( l 7)-C(2)* 
N(22)-C(23)-C(24) 
C(23 )-C(24 )-C(24 l) 
C(24 l )-C(24 )-C(24 l )* 
Twist Angles (deg) · 
Co(l)-N(l2)-C(2)/Co(l)-N(l6)-C(2) 31.39 
Co(l)-N(22)-C(2)/Co(l)-N(22)*-C(2) 46.21 
Co(l)-N(l2)* -C(2)/Co(l)-Nl6)*-C(2) 31.39 
*atom generated by symmetry operation (-x,y,3/2-z) 
82.2(2) 
90.1(2) 
106.5(2) 
83.3(1) 
117.0(3) 
109.4(4) 
112.7(3) 
116.2(3) 
110.0(4) 
107.1(4) 
110.5(4) 
111.8(4) 
113.9(4) 
110.7(4) 
112.2(4) 
108.6(4) 
116.1(4) 
114.1(4) 
111.0(3) 
108.9(6) 
The above argument for the configurational change is confirmed by one 
experiment. In strong acid conditions such as lM HCl or H2S04 in aqueous solution, the 
metal ion was completely extruded from the cage at 20°C to form the free ligand. Further 
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evidence comes from the racemization rate of the [Colil(Me5-tricosaneN6)]3+ analogue [4] 
which has a half-life of hours at 25°C. More details will be discussed in Chapter 
Seven. 
5.3.4 Stability 
The [Coll(Meg-tricosaneN6)]2+, like other known ColIN 6 amines, 1s 
paramagnetic, as evidenced by the broad, shifted 1 H and 13C NMR resonances. 
However, it is much more stable to di oxygen than other Co(II) hexaamines in both solid 
and solution states, in which it can exist for months and probably indefinitely in air 
without oxidation. Even at 100°C, the light pink aqueous solution of [ColI(Me8-
tricosaneN 6) ]2+ did not react with 02 over days as monitorea by UV -Vis spectroscopy. 
Attempts to deliberately oxidise [Coll(Meg-tricosaneN6)]2+ to the [CoIII(Me 8-
tricosaneN6)]3+ complex in aqueous solution by either 02 or H202 have also failed so far. 
This unique behaviour is not only remarkably different from other for ColIN6 cages, but 
also for ColIN6 amine complexes in general which are usually readily oxidised to the 
Co(III) oxidation state by 02 or H202. It is believed that the inertness of the 
[Coll(CH3)g-tricosaneN6)]2+ system to oxidation is a result of the profound steric 
influences of the ligand on the Coll/IIIN6 cavity sizes, which will be discussed in detail 
below. The [Coll(Meg-tricosaneN6)]2+ system is also inert in the presence of large 
concentrations of coordinating solvent and counter ions, and this too is unusual for 
CoIIN6 amines and is an extremely important stability aspect. 
When the [Coll(Meg-tricosaneN6)]2+ compound was treated with strong acid, 
such as 1 M HCl or H2S04 in aqueous solution, the metal ion was easily extruded. In 
this way, the free ligand was isolated quantitatively, and the details are discussed later in 
Chapter Seven. 
5.3.5 Vis-NIR Spectroscopy 
The visible and near infrared spectrum of [Coll(Me8-tricosaneN6)] (N03)i·H20 in 
water is given in Figure 5.4. 
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Figure 5.4. Vis-NIR Spectrum of [Coll(Me8-tricosaneN6)](N03)i·H20 (2.0 x 10-3 M) 
in H20 at 25°C. 
Two main bands appear at 498 and 1062 nm in the ligand field region of the electronic 
absorption spectrum. The relatively low intensities of the bands in the visible and near-ir 
regions are typical for Co(Il) octahedral complexes. It is well-known that pseudo 
octahedral Co(Il) complexes exhibit two main absorption transitions in the visible and 
near-ir regions and they have been assigned to the spin-allowed d-d electronic transitions 
of origin 4T1g(F) ...-. 4T1g(P) and 4T1g(F) ...-. 4T2g respectively.[!] A thorough work 
on the electronic spectra of transition metal complexes of the sar type N6 cage ligands has 
described these bands with maxima in the 460-473 and 952-970 nm (except for 
[Co(sep)]2+ at 909 nm) ranges.[11] The overall electronic spectral properties of the 
[Coll(Me8-tricosaneN6)]2+ ion also are in accord with those of typical six coordinate 
cobalt(Il) hexarnine type complexes[12] and the hexaaza sar type cages.[13] However, 
some notable changes have also been found in that the visible (high-energy) band shifts to 
longer wavelengths (low energy) by about 35 nm and the near-infrared (low-energy) 
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transition by about 100 nm. The comparisons are summarised in Table 5.7. The table 
implies that tentative assignments have been made on the basis of intensities and the 
assignments made for similar complexes. It seems reasonable to attribute the quite 
dramatic shifts here to the weaker ligand field of the [Coil(Me8-tricosaneN6)]2+ complex. 
Further supporting evidence for this statement will be discl.ls_sed later. 
Table S. 7. Electronic Spectral Data for Co(ll) Hexamine and Cage Complexes in 
A . queous s 1 . o ution . Am . . M 1 axmnm,em - cm-. 
Complexes Amax (e) 
a4T LI! ..-... 4T 21! a4T l 1! ..-... b4T l 1! Ref. 
-
[Coll(en)3]2+ 961 474 [14] 
[Coll(sep )]2+ 909 (4.94) 467 (8.21) [15] 
[Coll(NH3)2-sar ]4+ 968 (10.4) 460 (28.2) [16] 
[Coll( sar) ]2+ 970 460 [16] 
[Coll(Me5-tricosaneN6) ]2+ 952 473 (12.9) [17] 
[Coll(Mes-tricosaneN 6) ]2+ 1062 (4.8) 498 (11.1) This Work 
5.3.6 Electrospray MS (ESMS) Spectroscopy 
The ESMS positive ion spectrum of [Co(Mes-tricosaneN6)HN03)2·H20 in a 
solution of water (99.2%) and methanol (0.8%) is shown in Figure 5.5, with a cone 
voltage of 60 V and Figure 5.6, with a cone voltage of 25 V. 
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Figure 5.5. ESMS Spectrum of [Co(Meg-TricosaneN6)](N03)z·H20 in 99.2 : 0.8 
Water: Methanol Solvent System. Bl= 60 V. T = 80°C. 
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Figure 5.6. ESMS Spectrum of [Co(Meg-tricosaneN6)](N03) 2·H20 in 99.2 : 0.8 
Water: Methanol Solvent System. Bl= 25 V. T= 80°C. 
Under high cone voltage, Figure 5.5, the spectrum clearly shows two groups of 
peaks which relate to the singly and doubly charged ions respectively. For the low cone 
voltage, Figure 5.6, the spectrum only shows the doubly charged ion peaks. In a 
different solvent system (0.2 : 99.8 water : methanol, Figure 5.7), however, various 
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singly charged ions were observed even for a lower cone voltage (15 V). In all cases, the 
data agree well with the proposed constitution. 
For the complex in mainly methanol solution, the positive ion peaks were found to 
systematically correspond with the complex fragments in four ways, Figure 5. 7. Firstly, 
the subtraction of the anion was consistent with peaks for the [Co(II)cage ]2+, 
[Co(II)cage-H]+, and [Co(II)cageN03]+ ions; secondly, the addition of solvent was 
observed for ion peak of [Co(Il)(cage-H)(H20)2]+; thirdly, redox chemistry of the anion 
was demonstrated by in the peak of [Co(II)(cage-H)N02]+; and fourthly, redox 
chemistry of the metal ion was evident from the ion peak of [Co(O)(c;age+H)(H20)z]+. 
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Figure 5.7. Expanded ESMS Spectrum of the Mono-charged Ions of [Co(Mes-
tricosaneN6)](N03)z·H20 in 0.2: 99.8 Water: Methanol Solvent System. Bl= 15 V. T 
= 80°C. 
In the ESMS spectra above, the calculated and observed masses agree very well, 
and the assignments should be quite reliable in the absence of ambiguities. In all cases, 
the notable result is that the [Coll(Me8-tricosaneN6)]2+ cation is the most abundant ion 
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observed. This means that all the anions can be readily stripped off and the [Coll(Me8-
tricosaneN6) ]2+ cation is quite stable with the metal ion remaining in. the cage even at 
relatively high voltages. This result is consistent with the chemical inertness of the 
[Coll(Mes-tricosaneN6)]2+ cation in both solution and ~olid states. 
It is not immediately obvious that the redox chemistry. occurred in tbe ESMS 
process. However, the presence of [Co(m(cage-H)N02]+ and [Co(O)cage+H+2H20]+ 
peaks demonstrated the redox chemical results, and not only do the calculated ·and 
. . 
observed masses agree well, but the isotope peak spacing also fits well. Furthermore, the 
small peaks on the left side of [Collcage-H]+ may be assigned to [CoIIIcage..;2H]+ and 
even [Co1Vcage-3H]+ ions. In this case, Figure 5.7, the peaks are quite small and the 
assignments are still uncertain, but the assignment was confirmed by the.ESMS study of 
[CoIIl(Meg-tricosaneN6)]3+ which will be discussed in the next chapter. 
5.3.7 
5.3.7.1 
1 H NMR Spectroscopy 
NMR Spectra of the Pink Form of [Coll(Me8-tricosaneN6)]2+ 
From the X-ray structure study of the pink form of the Co(Il) octa methyl cage in 
its (N03)2 salt, it is expected that. a complex ion of the same configuration would have 
average 03 symmetry in solution, and its 1 H NMR spectrum should have a maximum of 
seven different proton signals. However, the 1 H NMR spectrum at ca. 25°C of 
[Coll(Mes-tricosaneN6)]Cl2, which has;the same NMR spectrum as that of [Coll(Me8-
tricosaneN6)](N03h (not very soluble in water) although their colours are different in 
aqueous solution, in 020 indicates that the complex system in solution has much less 
symmetry than the molecule in the (N03)2 crystal structure. (Figure 5.8) The spectrum 
shows ca. 7 larger peaks which could arise from one 03 symmetric isomer, and more 
than 25 smaller peaks significantly above the background. In the paramagnetic ions the 
spin-spin splitting is quenched and one signal per proton is observed unless they are 
symmetry related or overlapped. The signals are also contact shifted. 
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Figure 5.8. 300 MHz lH NMR Spectrum of [Coil(Meg-tricosaneN6)]Cl2 in D20 
(dioxane 3.7 ppm). SW= 80000. 
It is unlikely that the smaller signals, especially the set of 12 - 14 signals of intermediate 
intensity, come from impurity because the samples used were very nice crystals with 
excellent micro analyses. It is believed that the apparent lower symmetry is due to 
diastereomeric configurational changes in the Co(II) molecule which occur in the aqueous 
solution. Because the Co(Il) complex is a paramagnetic molecule, it is difficult to assign 
individual peaks by NMR techniques such as 2D NMR. Therefore it is not know for 
certain that the peaks displayed in the NMR spectra are due to more than one isomeric 
configuration. However if this is so, one form (7 main peaks) would have a highly 
symmetric configuration (D3), and the others would be less symmetrical. The relatively 
small number of intermediate (12 - 14) could arise from a C2 symmetric isomer, and the 
much smaller peaks may originate from smaller amount of other configurations. 
Although small differences have been found for the NMR spectra of different salts 
of [Coll(Mes-tricosaneN6)]2+ in the same solvent, the spectra are essentially the same. 
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The most notable phenomenon was that [Coll(Meg-tricosaneN6)](CH3C02h gave 
different spectra in some solvents (the results are depicted in Figure 5.9 (1), (2), (3), 
and (4)). It was found that the [Coll(Meg-tricosaneN6)]2+ ion showed mainly a low 
symmetry form (ca. 12 peaks) in hydrophilic solvents such as methanol, ethanol and 
DMSO. In these cases, although the chemical shifts of the signals are somewhat 
different, the numbers (ca. 12 peaks) and intensities of the signals are the same for the 
different solvents. For D20, the spectrum showed that the main peaks mostly correlated 
with those in methanol, ethanol and DMSO, but the presence of a large number of smaller 
peaks implied that there was another less symmetric main isomer preserit in the solution. 
The configurational changes of the [Coll(Meg-tricosaneN6)]2+ ion, which seemed 
occur on dissolution in water, methanol, ethanol and DMSO solvents, were confirmed by 
the lH NMR spectrum of the same salt of the [Coll(Meg-tricosaneN6)]2+ complex in 
chloroform. The spectrum, Figure 5.9 (5), shows only 5 signals for the [Coll(Me8-
tricosaneN6)]2+ ion including one N-H resonance peak. The cap methyl proton and ring 
methyl proton resonances are all singlets. Even the cap methylene proton and ring 
methylene proton resonances are singlets. It is believed that the peak at 77.6 ppm is due 
c.onsis'fant Ncilt 
to the N-H proton resonance. This spectrum not only shows that the salt sample is a pure 
A 
isomeric form, but also provides additional important information. It implies that the CH2 
and CH3 resonances of the cage are located at high field ( < 0 ppm) and that the NH 
resonances of the cage are located at low field (> 20 ppm). An important point is that the 
[Coll(Me8-tricosaneN6)]2+ ion has, at least in the acetate salt, D3 symmetry under 
conditions where the possibilities for ligand rearrangement are minimised, e.g. in CDC13. 
This spectrum also supports conclusion that configurational changes of the [ColI(Meg-
tricosaneN6)]2+ cation occur upon dissolution in other solvents. It is believed that in the 
more polar solvents the interaction with NH is greater and the prospects for dissociation 
and inversion of the ligating nitrogen atoms are enhanced. 
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Figure 5.9. 300 MHz lff NMR Spectra of [Coll(Mes-tricosaneN6)](CH3C02)z in 
Different Solvents at 20°C. (1) D20; (2) DMSO-~; (3) Methanol-d4; (4) Ethanol-d6; (5) 
CDCI}. SW = 80000. 
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5.3.7.2 Variable Temperature (VT) 1 H NMR of the Pink Form of 
[Coll(Mes-tricosaneN6)]2+ 
The lff NMR studies at 25°C indicated that the configuration of the [Coll(Me8-
tricosaneN6)]2+ ion can change when it is dissolved in different solvents. These results 
imply that the nitrogen configurations in the molecular skeleton. of the [Coll(Meg-
tricosaneN6) ]2+ ion are readily inverted, and that in solution the bonding between the 
Co(II) ion and ligand is relatively weak. It is expected therefore that the configurational 
changes may be observed by VT NMR techniques if they are sufficiently rapid. 
The VT lff NMR spectra of [Coll(Meg-tricosaneN6)](CH3C02h in ~1nethanol-d4 
were taken and they are shown in Figure 5.10. Consistent with expectations, the variable 
-
temperature NMR spectra display different numbers of peaks. At 25°C, the spectrum 
shows mainly 9 signals between -46.6 ppm and -14.2 ppm for the carbon-hydrogen 
resonances and 3 resonances for the amine protons. It is believed that these peaks 
originate from one conformer. On cooling to -50°C, the peak number and pattern change 
only slightly but the carbon-proton resonances show remarkably large shifts upfield while 
the nitrogen-proton resonances shift significantly to downfield. It is likely that these 
results are typical for the temperature dependence of the paramagnetically influenced 
shifts. On returning to 25°C, a spectrum identical to the initial one was achieved, and 
therefore no irreversible changes occur. When the temperature was increased to 55°C the 
spectrum mainly showed four very broad carbon-proton resonances and one nitrogen-
proton resonance which are thought to be the signals of an average D3 or D3 h 
configuration. Meanwhile there are eight small carbon-proton resonances and five small 
nitrogen-proton resonances all very broad, which probably belong to partially averaged 
signals of other configurations. These configurations appear to be in equilibrium in the 
solution at this temperature, but the reaction dynamics are not yet sufficiently fast for 
rapid site exchange on the NMR time scale. 
In this VT NMR study, all assignments were made tentatively but not using 
alternative NMR techniques, and so the assignments are not certain at this stage. 
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Figure 5.10 300 MHz lH VT NMR Spectra of the [Coll(Mes-
tricosaneN6)](CH3C02h in Methanol-di. (1) T = 25°C; (2) T = -50°C; (3) T = 25°C; (4) 
T = 55°C. SW = 100000. D 1 = 0.2. 
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But the configurational changes and their structural reversibility in the [Coll(Me8-
tricosaneN6)]2+ ion are not in doubt. The second comment has an important implication 
and means that the metal ion is always in the cage under the experimental conditions of the 
spectra. 
5.3.7.3 lff NMR Studies of [Coll(Mes·tricosaneN6)]ZnCl4 
lH NMR studies of the [Coll(Me8-tricosaneN6)]ZnCl4 compound in solution 
were also undertaken in the event it would retain the configuration of the solid, and also 
provide useful information about the C2 symmetric configuration of the [Co11(Meg-
tricosaneN 6) ]2+ cation in solution. A spectrum was measured when the [Coll(Meg-
-
tricosaneN6)]ZnCl4 compound was first dissolved in D20, and is given in Figure 5.11 
(bottom). The spectrum is quite complicated but very similar to those of other salts of 
[Coll(Meg-tricosaneN6)]2+ ion in D20, e.g. Figure 5.8, and it is obvious that more than 
one configuration results in· the aqueous solution. This result also indicates that the 
configurational rearrangement of the [Coll(Meg-tricosaneN6)]2+ ion in water must be quite 
fast, at least on a time scale of hours in near neutral solutions. 
When the spectrum was expanded in the region of -1 to 7 ppm (Figure 5.11, 
bottom), however, a notable difference, compared with that of other salts of [Coll(Meg-
tricosaneN6)]2+ ion in D20 (Figure 5.8), was found in that three sharp and high intensity 
peaks were found. Figure 5.11 (bottom). 
These observations indicated that there were several complex forms present in the 
aqueous solution in the first hour after the solid was dissolved in water. The question 
then was, were the configurations already in rapid equilibrium or still undergoing 
rearrangement? With this in mind, another NMR measurement was made on the same 
sample in D20 after several hours, and showed that the peaks in the area of 0 - 6 ppm had 
vanished except for the solvent signals. This result implies that the signals of the 
spectrum in the area of 0 - 6 ppm when the solid was dissolved in D20 in first hour, 
could be due to an intermediate complex form which then rearranges slowly to other more 
stable configurations. 
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Another spectrum was recorded by dissolving the [Coll(Meg-tricosaneN6)]ZnC14 
compound in DMSO-~ in the hope that it would retain the configuration of the solid, as 
the rearrangement rate of the [Coll(Meg-tricosaneN6)]2+ ion was expected to be slower 
with less water present. The spectrum is also depicted in Figure 5.LL(top). It appears to 
be very clean except for several peaks between 0 to 6 PPrn_which appear to be similar to 
those found in the.same region for the [Co11(Meg-tricosaneN6)]ZnCl4 compound when 
first dissolved in D20. A peak at 5.5 ppm is thought to be a machine signal. It is thought 
at present that this spectrum either represents the form of the [Coll(Me 8-
tricosaneN6)]ZnC14 compound in the solid state prior to dissolu,tion, or a form which 
occurs instantly on dissolution. 
The peaks in this spectrum are so sharp that they-appear to originate from a 
diamagnetic compound. Comparison of the large window spectrum (sw = 100000 Hz) 
and normal window spectrum (sw = 4500.5 Hz) in Figure 5.12 shows a significant 
sharpening in the normal window spectrum. Several peaks, which were overlapped with 
the broad HOD peak, can now be seen clearly. It is still not clear why these peaks are 
sharp in the normal window spectrum. However, the fact that they all appear within the 
normal 1 H NMR window for diamagnetic compounds, strongly implies that the species is 
diamagnetic although it is not understood at present. 
Another interesting phenomenon is displayed in the spectrum (Figure 5 .13, top) 
recorded after the same sample had been in DMSO-d6 solution for 10 hours. The peaks 
. in the area of 0 - 6 ppm have nearly disappeared and many new signals with the same 
peak structure as in D10 have appeared. These results indicate that the rearrangement of 
the [Coll(Meg-tricosaneN6)]2+ ion still occurs in DMSO, but is slower by a factor of at 
least 10. A intriguing result is that the HOD signal has also disappeared, comparing both 
extended spectra in Figure 5.13, bottom and top. 
The lH NMR study of the [Coll(Meg-tricosaneN6)]2+ ion has shown that 
configurational changes in the skeleton of the molecule are facile, and probably associated 
with nitrogen inversions. Even though the metal ion appears to remain encapsulated 
during the rearrangements. 
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Figure 5.11. Top: Solution lH NMR Spectrum of [Coll(Meg-tricosaneN6)]ZnCl4 in 
DMSO-d6 at 25°C, sw = 100000 Hz, Dl = 5. Bottom: Solution lH NMR Spectrum of 
[Coll(Mes-tricosaneN6)]ZnC14 in D20 at 25°C, sw = 100000 Hz, Dl = 5. 
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Figure 5.12. Top: Solution I H NMR Spectrum of [Coll(Meg-tricosaneN 6) ]ZnCl4 in 
DMSO-d6 at 25°C, sw = 100000 Hz, Dl = 5. Bottom: Solution lH NMRSpectrum of 
[Coll(Me8-tricosaneN6)]ZnC14 in DMSO-d6 at 25°C, ~w = 4500.5 Hz, Dl = 5. 
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Figure 5.13. Solution lH NMR Spectra of [Coll(Mes-tricosaneN6)]ZnC14 in DMSO-
d6, sw = 100000 Hz, Dl = 5. Top: 10 Hours in Solution; Bottom: Half Hours in 
Solution. 
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5.3.8 Electrochemistry 
An electrochemical study of the [Coll(Meg-tricosaneN6)]2+ ion reveals some very 
interesting redox properties. Figure 5.14 shows the cyclic voltammogram (CV) of the 
[Coll(Me8-tricosaneN6)]2+ ion in water at 20°C and there are twointense signals, one 
oxidation wave at + 600 mv and one reduction wave at+ 53 mv. There is no clear 
delineation of electrochemically reversible species present but the overall process appears 
to be chemically reversible which means the metal ion retains its encapsulated status. This 
CV was found to be reproducible with several different salts and multiple scans. There 
are also indications of more than two electrochemically active catiop,s indicated by a small 
shoulder around 300 mv. 
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Figure 5.14. Cyclic Voltammetry of the [Coll(Meg-tricosaneN6)] Cl2·3H20 in 0.1 M 
KCl Aqueous Solution at ca. 20°C with Two Scans, Glassy Carbon Working Electrode 
and Scan Rate= 100 mV s-1. 
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One explanation of the main peak features is that the Co(II) system is oxidised to 
give an initial Co(III) form which is not stable in the water, and this form rearranges 
relatively quickly ( < seconds) to an unknown species which is then reduced back to 
Co(II). Other measurements in acetonitrile were carried out yielding essentially the same 
result. These facts in connection with the overall chemical reversibility lead to _a clearer 
proposal (Scheme 5.4). In this interpretation the Co(II) B form is oxidised to a Co(III) X 
species which has an unstable conformation, and a relatively fast rearrangement then 
occurs forming the Co(III) Y species which appears to be more stable in these media. 
When the Co(Ill) Y is reduced the Co(II) A species is formed. Co(Il} Ais a very 
unstable conformation and another fast rearrangement occurs forming the more stable 
conformation of Co(II) B. A reverse scan CV gave the same result. It should be possible 
therefore to oxidise Co(II) to Co(III) coulometrically and isolate at least one Co(III) 
isomer, although it may still be in equilibrium with a small amount of Co(Ill) X on the 
CV time scale. The stable Co(fil) Y form, whose conformation is expected to be different 
from that of Co(II) B, should have a reduction potential of ca. + 80 mv vs SCE (or+ 320 
mv vs SHE). 
[Co(ill) X] 
unstable 
Co(Ill) Y 
stable? 
Co(II) B 
stable (pink) 
[Co(ll) A] 
unstable 
Scheme 5.4. Proposed Mechanism for the CV of [Coil(Meg-tricosaneN6)]2+ in 
Aqueous Solution. 
Another interesting result from the electrochemical study is that the CV shows a 
small shoulder situated at ca. + 0.3 v which appears in all the different CV data at various 
scan rates. This band could arise from the reduction of unstable Co(III) X owing to a 
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small amount in equilibrium with Co(III) Y. If these assertions are correct it should be 
possible to isolate a different conformation of Co(III) having more unusual chemistry. 
This Co(llI) compound should have a very high potential at ca. + 0.6 V vs SCE (or+ 
0.84 V vs SHE). A second possibility for the shoulder, is that it may be associated with 
the C2 symmetric (or A (S~2)) diasteoreomer of [Coll(Meg-tricosaneN6)]2+, which is 
almost certain to be a major compound of the Co(II) complex in aqueous solution. In the 
Co(Ill) form this would rearrange relatively slowly, and would help to explain some 
electrolysis results encountered in Chapter 6. 
5. 3. 9 ESR Spectroscopy 
Both [Co(Me8-tricosaneN 6) ]-(N03)2· H10 (pink) and [Coll( Mes-
tricosaneN6)]ZnC14 (violet) forms, as polycrystalline samples, gave strong ESR spectra at 
low temperatures for both X and Q ( - 35 GHz) bands. The ESR spectra are given in 
Appendix 5. The.spectra are inconsistent with an expected distorted octahedron pattern, 
although there is a shape factor which is not accounted for by the g values alone. As well, 
the spectra show no evidence of multiple splitting due to the cobalt hyperfine interaction. 
They show instead that there must be some other interaction to account for the multiplicity 
of peaks, and in a magnetically concentrated sample such as this, the obvious candidate is 
the exchange interaction between neighbouring cage complexes. 
To eliminate the exchange interaction, the ESR spectra have been measured in the 
form of ice glass solution for both the [Co(Meg-tricosaneN6)HN03)2·H20 (pink) and 
[Coll(Meg-tricosaneN6)]ZnCl4 (violet) salts. Solutions of both pink and violet forms 
were run at low temperatures at 10-3 M (X band) and 10-2 M (Q band) concentrations of 
DMF/H20. The spectra are given in Figure 5.18 (X band) and Appendix 5.7 (Q band). 
As expected, they are not complicated by exchange interactions, so that the g and A values 
have their traditional simple interpretations in the corresponding two terms (Zeeman and 
hyperfine) of the exchange free Hamiltonian. 
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Figure 5.18. X-band Spectra, T = 19.5 K: (a) Base Line; (b) Pink Crystal of 
[Co(Meg-tricosaneN6)](N03)2 in 1:1 DMF:H20 (0.001 M); (c) Violet Crystal of 
[Co(Meg-tricosaneN6)](ZnC4)Cl in 1:2 DMF:H20 (0.001 M). 
Within experimental error, the solutions for the two forms have identical ESR 
spectra and each dissolves to give a major and minor species (80% : 20%) partly resolved 
only in the gu region. For the violet form, the hyperfine structure was not resolved at Q 
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band due to the 4-fold increase in g strain (expressed as a field spread) expected in going 
from - 9 to - 35 GHz. The results are summarised in Table 5.8.(18] The ESR studies 
indicate that the complexes are examples of distorted, weak field octahedra. They also 
indicate that an isomeric equilibrium is established quite rapidly for two salt forms in 
solution containing many water. 
Table 5.8. ESR Data for [Co(Meg-tricosaneN6)]·(N03)2·H20 (pink) and [Coll(Me8-
tricosaneN6)]ZnCl4 (violet) in H20:DMF Glass Solution. 
g11 KL Arr(G) A1- (G) 
x pink major 6.23(8) 3.06(2) 82(1) 
band minor 7.4 -3 -85 ? 
I0-3M violet major 6.25(9) 3.01(2) 
minor -3 
Q pink major 6.50(6) 3.01(2) 
band minor 7.5(1) ? 
10-2M violet major 6.38(6) 3.08(3) 
minor 7.4(1) ? 
Note: that DMF/H20 ratios were different for the pink (1:2) and violet (1:1) forms. 
208 Chapter Five 
5. 4 . Conclusions 
A very stable Co(Il) hexaamine cage system has been isolated quantitatively in the 
presence of 02 from aqueous solution. This is extraordinary for CoIIN6 amine chemistry 
which is usually very sensitive to oxidation by 02. 
The electrospray MS spectrum indicates that the metal ion and. ligand cage are tied 
together. The X-ray structural results show Co(Il) in the centre of two quite different 
cage diastereoisomers in two different salts. There is no evidence, from the results of 
many analytical chromatographic and solution studies, for any additi-0n of a ligand such as 
c1-, H20, N03, C032- or acetate ion at the metal ion. 
The 1 H NMR study in CDCl3 indicates an average D3 symmetry for the 
-
[Coll(Meg-tricosaneN6)]2+ molecule in its acetate salt, and this is consistent with the 
isomer found in the nitrate salt structure. In the more polar solvents loss of at least one 
ligating atom, rearrangement and recombination lead to at least one or more other 
configurations, including a· major isomer of lower symmetry (C2) which has been 
structurally characterised in its znc42- salt. 
These results also influence the cyclic voltammetry which implies that the Co(Il) 
cage could be oxidised to a Co(III) from at a very positive potential. However, the CV 
also shows that the process, while chemically reversible, is also complicated by 
rearrangements of both Co(m and Co(ill) components. 
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CHAPTER 
The Synthesis and Properties of [Corn(Me8-
TricosaneN6)]3+ 
6. 1 Introduction 
211 
In the previous chapter, the [ColI(Mes-tricosaneN6)]2+ complex system was 
shown to demonstrate a unique stability in both solid and solution states. Nevertheless, 
the electrochemistry studies implied that it was possible to oxidise it to the [CoIIl(Mes-
tricosaneN6)]3+ form, and this approach is adopted in the present chapter. Relatively 
stable [CoIIl(Mes-tricosaneN6)]3+ complexes have been isolated, and some very 
interesting properties are investigated, some of which are quite unprecedented in CoIIIN 6 
amine chemistry. 
6. 2 Experimental 
6.2.1 Synthesis 
6.2.1.1 (1,5,5,9,13,13,20,20-0ctamethyl-3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane)cobalt(Ill) Trinitrate Pentahydrate, 
[ Colll(Mes-tricosaneN 6)] (N 03)3·5H20. 
In a 100 ml coulometry cell, which contained a gauze platinum basket electrode as 
working electrode, a platinum wire as auxiliary electrode and a saturated KCl calomel 
electrode (SCE) as reference electrode, [ColI(Mes-tricosaneN6)]C}i·3H20 (0.75 g, 1.2 
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mmol) was dissolved in 0.1 M NaCl solution ( 75 ml) forming a light purple solution. 
The solution was deoxygenated with dinitrogen for 20 minutes a~d the initial potential 
was set to+ 800 mv vs SCE and the current was carefully controlled between 200 - 1500 
uA. The reaction mixture gradually changed to a red colour. The reaction was stopped 
when the total transferred charge reached 117 coulombs (the theoretical charge is 116 
coulombs). The reaction mixture was then diluted with water (0.5 L) and the solution 
was sorbed onto a cation exchange column (SP-Sephadex C-25, Na+ form, 15 x 200). 
The resin was washed with water (100 ml) and eluted with 0.2 M LiN03• Only one 
slowly moving red band was found and the concentration of eluent was changed to 0.4 M 
(Note: starting with 0.4 M eluent causes the complex to precipitate on the column). The 
eluate was evaporated at ca. 30°C to near dryness to yield an orange suspension which 
was filtered and washed with iced water. Yield 0.851 g (94%). lH NMR (ppm, dioxane 
at 3.7 ppm) in D20: o 0.94 (s, 6H, cap CH3); o 1.16 (s, 18H, ring CH3); o 2.4776 and 
2.5277, 2.7067 and 2.7580 (dd, 12H, J 15Hz, methylene CH2); o 2.5145 and 2.5598, 
2.8683 and 2.9136 (dd, 12H, J 13.6Hz, methylene CH2). 13C NMR (ppm, dioxane at 
67.4 ppm) in D20: o 21.44 (cap CH3); o 30.06 (ring CH3); o 32.92 (ring quaternary C); 
o 38.41 (cap quaternary C); o 55.13, 57.03 (CH2). Solid UVNis reflectance spectrum, 
Amax= 349 nm, Amax =477 nm. Anal. Cale. for CoC25H54N6·(N03)3·5H20: C, 38.81; 
H, 8.34; N, 16.29; Co, 7.62. Found: C, 38.89; H, 8.80; N, 16.26; Co, 7.52. Crystals 
of the trinitrate salt suitable for an X-ray crystallographic analysis were grown from a 
concentrated aqueous solution. The structure of the complex was established by a single 
crystal X-ray crystallographic analysis at low temperature. Other crystals which were not 
suitable for X-ray crystallographic analysis were grown from the eluate by slowly 
evaporating the water in air. Anal. Cale. for 
CoC2sH54N6·(N03)3·(LiN03)is(NaN03hs 5H20: C, 27.89; H, 6.74; N, 15.61; Co, 
5.47; Li, 0.97; Na, 3.20. Found: C, 28.21; H, 6.74; N, 15.47; Co, 5.33; Li, 0.99; Na, 
0.17. 
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6.2.1.2 ( 1,5,5,9,13,13,20,20-0ctamethyl-3, 7, 11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )cobalt(IH) Trinitrate Tetrahydrate, 
[ Co(Mes-tricosaneN 6)] (N03)J·4H20. 
All procedures were the same as above except that the eluate Was evaporated at ca. 
30°C to near dryness to yield orange solid. To the flask, ARethanol (200 ml) was added 
and the colour of the orange solid changed to blue in seconds. The resultant blue solid 
was collected with filteration and washed with ethanol. The blue solid was evaporated to 
dryness, more ethanol was added and evaporated again to dryness. This procedure was 
repeated several times and finally the solid was dried under high' vacuum for several 
hours. Yield 0.851 g (94%). Crystals were grown slowly from a concentrated aqueous 
-
solution by adding AR ethanol. Solid UV Nis reflectance spectrum, Amax = 588 nm; Amax 
""" 400 nm; Amax""" 325 nm. Anal. Cale. for CoC2sHs4N6·(N03k4H20: C, 39.73; H, 
8.26; N, 16.68; Co, 7.80. Found: C, 39.50; H, 8.29; N, 17.19; Co, 7.44. 
6.2.1.3 (1,5,5,9,13,13,20,20-0ctamethyl-3, 7, 11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )cobalt(III) Trinitrate Monohydrate, 
[ Co(Mes-tricosaneN 6)] (N 03)3· H20. 
The solid [Co(Mes-tricosaneN6)](N03)3·5H20 was dried in a desiccator at ca. 
40°C for 10 hours. The colour changed from orange to purple slowly. Solid UVNis 
reflectance spectrum, a broad band between Amax = 500 to 600 nm. Anal. Cale. for 
CoC2sH54N6·(N03h·H20: C, 42.79; H, 8.04; N, 17.76; Co, 8.40. Found: C, 
42.81; H, 8.74; N, 17.91; Co, 8.26. 
6.2.1.4 (1,5,5,9,13,13,20,20-0ctamethyl-3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )cobalt(Ill) Trichloride Trihydrate, 
[Co(Mes-tricosaneN6)]Cl3·3H20. 
[Co(Mes-tricosaneN6)](N03)3-5H20 (80 mg) was dissolved in water and sorbed 
on a small SP-Sephadex C-25 resin column. The resin was first washed with water and 
then with 0.1 MNaCl. The complex was eluted with 0.25 M NaCl and the eluate was 
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evaporated to dryness to give an orange product. Good orange plate-like crystals were 
grown from aqueous solution. lH NMR (ppm, dioxane at3.7 ppm) in D20: o 0.95 (s, 
6H, cap CH3); o 1.17 (s, 18H, ring CH3); o 2.4848 and 2.5358, 2.7429 and 2.7933 
(dd, 12H, J 15.2Hz, methylene CH2); o 2.5130 and 2.5571, 2.9057 and 2.9500 (dd, 
12H, J 13.3Hz, methylene CH2). 13C NMR (ppm, dioxcme at 67.4 ppm) in D20: o 
21.45 (cap CH3); o 30.37 (ring CH3); o 32.83 (ring quaternary C); o 38.35 (cap 
quaternary C); o 54.82, 56.66 (CH2). UVNis (Amax (nm), £A. (M-lcm-1)) in H20: £256 
= 14772; £360 = 80; £sos = 69. Anal. Cale. for CoC25H54N6·Ch·3H20: C, 45.63; H, 
9.19; N, 12.77; Cl, 16.16; Co, 8.96. Found: C, 46.10; H, 8.89; N, 12.44; Cl, 15.87; 
Co, 9.12. 
6.2.2 
6.2.2.1 
Conditions 
Reactivity in Water 
Reduction of [Co(Me8-tricosaneN6)]3+ in Water under Basic 
To a red solution (3.5 ml) of [Co(Mes-tricosaneN6)](N03)3·5H20 (80 mg) in 
water, saturated Li2C03 solution (1 ml) was added with stirring at ca 20°C. The colour 
changed in seconds first to dark green and then gradually to light brown. After one hour, 
the mixture was diluted with water (100 ml) and sorbed on a SP-Sephadex C-25 column. 
The resin was washed with water and the complex eluted with 0.2 M LiN03 solution. 
The eluate was evaporated to near dryness and the solution was cooled in ice. A pink 
solid was filtered off and washed with some cold water. The UV-Vis spectrum gave a 
narrow band at 498 nm indicating that it was [Co(Me8-tricosaneN6)](N03)2. Anal. Cale. 
for CoC25H54N6-(N03)2·H20: C, 46.94; H, 8.82; N, 17.52; Co, 9.21. Found: C, 
46.67; H, 9.11; N, 17.32; Co, 8.74. 
6.2.2.2 Reduction of [Co(Me8-tricosaneN6)]3+ in Water under 
Neutral Conditions at 90°C 
[Co(Meg-tricosaneN6)](N03)3·5H20 (80 mg) was dissolved in water (2 ml) in a 
test tube. The test tube was heated on a water bath at 90°C. The red colour slowly 
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change to red-brown over 2 hours. After 3 hours of heating, the test tube was cooled in 
an ice bath and pink crystals formed which were ascribed to [Co(Me8-
tricosaneN6)](N03)i from the UV-Vis spectrum (a narrow band at 498 nm) and its low 
solubility in water. 
6.2.3 X-ray Structure Determination 
A crystal fragment having approximate dimensions of 0.12 x 0.18 x 0.24 mm 
was cleaved from an orange rod-shaped crystal of [ColII(Mes,..tricosaneN6)](N03)3·5H20 
and was mounted on a quartz fibre. Intensity data were colleeted on a Philips PW 
1100/20 diffractometer using thew - 28 scan technique and monochromated MoKa 
-
radiation. The temperature was -60°C because the X-irradiation transformed the orange 
crystals to the blue form, and crystallinity was lost at 20°C. Cell constants and an 
orientation matrices were obtained from a least-squares refinement using the setting 
angles of 25 carefully centred reflections in the range 107.23 < 28 < 109.39°. A total of 
5783 reflections was collected and 5440 were unique (Rint = 0.158). The data were 
corrected for Lorentz and polarization effects. The structure was solved by heavy-atom 
Patterson methods and expanded using Fourier techniques. The non-hydrogen atoms 
were refined anisotropically. The hydrogen atoms for the cation were included at 
calculated positions but were not refined. The final cycle of full-matrix least-squarers 
refinement was based on 4164 observed reflections with I> 3.00 cr(J) and 442 variable 
parameters and converged (largest parameter shift was 0.01 times its esd) with 
unweighted (R) and weighted (Rw) agreement factors of 0.06 and 0.069. All calculations 
were performed using the teXsan crystallographic software package of the Molecular 
Structure Corporation. A summary of the data collection and refinement results are given 
in Table 6.1. 
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Table 6.1. Crystallographic Data for [CoIIl(Me8-tricosaneN6)J·(N03)3-5H20 
Chem.formula C2sH64CoN90,4 T, °C -60.0 
FW 773.77 crystal system triclinic 
0 
a, A 10.712(2) space group P1(#2) 
b,A 11.378(2) dcalcd· g/cm3 1.364 
0 
c, A 17.625(3) /..., (MoKa.), A 0.71069 
a., deg 73.08(1) y, deg 63.81(1) 
/3, deg 77.95(1) µ (MoKa.), cm-1 43.06 
v,A3 1836.5 (6) R# 0.060 
z 2 Rw# 0.069 
#Residuals: R = IllFol - Fcll/IIFol; Rw = [Iw(IFol - IFcl)2/Iw(Fo)2)]112. 
6 • 3 Results and Discussion 
6. 3 .1 Synthesis 
As discussed in the last chapter, the direct synthesis of the Co(III) octa methyl 
cage failed by the route involving the imine reduction of its triimine precursor, and gave a 
quantitative yield of the saturated Co(II) octa methyl cage. Also, the Co(II) complex 
could not be oxidised to the Co(III) state by 02 or H202 in the usual manner. However 
the cyclic voltammogram of the [Coil(Meg-tricosaneN6)]2+ system showed that it should 
be possible to generate the Co(III) form by oxidising the Co(II) system in solution. A 
synthesis of the [CoIIl(Meg-tricosaneN6)]3+ molecule has been carried out by bulk 
electrolysis in aqueous solution as shown in Scheme 6.1. During the oxidation the colour 
gradually changed from light purple to red. Ion exchange chromatography revealed that 
the electric current needed to be carefully controlled and not too large, otherwise different 
species involving oxidised ligands were also produced. 
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Scheme 6.1. Synthetic Approaching by Bulk Electrolysis. 
94% 
The presence of imine signals in the 13C NMR spectra was. dearly evident. This result 
indicated that the reaction in Scheme 6.1 is not very fast compared with the oxidation of 
ligand, and that the ligand oxidation increases more rapidly with increasing current. The 
details of the mechanism for the ligand oxidation are not clear yet, but it is feasible to 
synthesise single and multipleimine products by this route. However, by controlling the 
potential (0.8 V vs SCE) and the current(< 1500 µA), the yield for the [CoIIl(Me8-
tricosaneN6)]3+ complex was almost quantitative. 
The complex [CoIIl(Meg-tricosaneN6)]3+ was collected by direct evaporation of 
the eluate from the SP-Sephadex C-25 cation exchange resin column (only one band was 
found using LiN03 eluent). Then it was found that the solid state [CoIII(Me 8-
tricosaneN6)](N03)3 salt existed in two extremely different forms. Both Co(III) salts, 
one orange and the other blue, were isolated from the oxidised solution under different 
conditions. The orange form was isolated from water, whereas the blue form was 
isolated when ethanol was added to the concentrated mother liquor in excess. Elemental 
analysis shows that these two salts have the same constitution except for the water 
content. The solid state of the orange form can be changed readily to another form, 
purple in colour, just by heating to ca. 40°C for overnight. The purple form was 
confirmed by elemental analysis to have 3 H20 molecules less than the blue form and 4 
less H20 molecules than the orange form which has 5 H20. The question is what are the 
different complex molecules in the salts that differ only in water content. For example, 
218 Chapter Six 
has a N atom been lost from the coordination sphere, or are the forms different CoIIIN6 
isomers? 
6.3.2 NMR Spectroscopy of [Colll(Mes-tricosaneN6)] (N03)J 
All three solid forms of the [CoIIl(Mes-tricosaneN6)](N0Jh salt, orange, blue 
and purple, give the same red colour in aqueous solution. They are also characterised by 
NMR spectra which are identical in the same solvent. 
At 20°C, the BC NMR spectrum (Figure 6.1) of the [CoIIl(Me8-tricosaneN6)]3+ 
ion displayed six signals attributed to two methyl, two quaternary arid two rnethylene 
carbon atoms, which were characterised by APT and DEPT multiple-pulse techniques. 
This implies an average D3 symmetry in solution. It agrees well with the solid state 
structure of the orange form which also displays pseudo D3 symmetry. The cap methyl 
carbon resonances are at 21.46 ppm and the ring methyl groups have alower field shift of 
30.36 ppm. The cap quaternary carbon resonances are found at 38.35 ppm and the ring 
quaternary carbon resonances have a higher field shift of 32.84 ppm. Relative to the 
methyl substituent, the stronger electron withdrawing -NHCH2- substituents could 
result: in a deshielding <>f the cap quaternary carbon. a-substituent effects will also be 
different for the two types of quaternary carbons, e.g. the ring quaternaries could be 
better shielded by the cobalt atom (t2g orbital density). 
"' 
~ ... ~ "' Q ., "' ;ii I 
I I 
Si 
"' i "' "". ~ 1 11! 
I 
55 50 45 40 35 30 25 ppm 
Figure 6.1. 75 MHz BC NMR Spectrum of [CoIIl(Mes-tricosaneN6)](N03)3 in D20 
(dioxane 67.4 ppm). 
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The 1 H NMR spectrum (Figure 6.2) of each form in D20 is also the same and 
quite simple. There are two methyl signals at higher field, one integrates for six protons 
and the other for eighteen. Also there are two sets of doublet pair signals characterised by 
the COSY spectrum, Figure 6.3. They are assigned as AB doublet pairs arising from the 
two distinct sets of methylene protons (J = 15.2 and J = 13.6 Hz). The HETCOR 
spectrum is depicted in Figure 6.4, which aids the assignments for the methylene carbon 
and proton peaks of caps and rings of the molecule in both 13C and 1 H NMR spectra. 
I Ii I I I I Ii I I I I I 111 I I I I I ii , , I I 'I I ii i I' Ii I 1 • ii I 1111 I I I I ii II ii I I ii ii Ji I I I I I I I I (I I I If I I I I I I I I I I I I I I 111 I I 11 ~ I I( I I 
2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 PPM 
Figure 6.2. 300 MHz lH NMR Spectrum of [CoIII(Mes-tricosaneN6)](N03)3 in D20 
(dioxane 3.7 ppm). 
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2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 
F1 (ppm) 
Figure 6.3. 300 MHz COSY Spectrum of [CoIII(Mes-tricosaneN6)](N03)J in D20 
(dioxane 3.7 ppm). NT= 32, dl = 1.0. 
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Figure 6.4. HETCOR Spectrum of [CoIIl(Me8-tricosaneN6)](N03)J in D20 (dioxane 
3.7 ppm). NT= 64, dl = 1.0, J = 125 Hz. 
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The most important aspect is that the different coloured forms of the Co(III) octa 
methyl cage complex have identical 13C and lH NMR spectra, which implies that the 
different forms rapidly convert to the same average structure in D20. In 20: 80 water: 
methanol solution, the colour changed from red at 20°C to light orange at -40 to -60°C in 
seconds or less but low temperature VT 1 H NMR studies showed no obvious chemical 
shift differences(< 0.1 ppm) between 20°C and-75°C. 
6.3.3 Electronic Spectra 
The isolated com octa methyl cage complexes, that is the orange, blue and purple 
forms, have identical electronic absorption spectra (red colour) in aqueous solution. A 
comparison of the electronic spectra of [Co(Meh-sar]Cl3, [Co(Me5-tricosaneN6)]Cl3 and 
[Co(Meg-tricosaneN6)]Cl3 in H20 at 20°C is shown in Figure 6.5 
0.1 
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0 
- - - [Co(Me)2-sar]Cl3 
••••••.•• [Co(Me5-tricosaneN6)]Cl3 
--- [Co(Me8-tricosaneN6)]CI3 
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Figure 6.5. Electronic Absorption Spectra of [Co(Me)z-sar]Cl3, [Co(Mes-
tricosaneN6)]Cl3 and [Co(Meg-tricosaneN6)]Ch (5.0 x 10·4 Min H20 at ca. 20°C). 
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The electronic absorption spectral properties of the cage complexes in the region 200 -
700 nm are also summarised in Table 6.2 The table indicates tentative assignments of the 
transitions as metal d-orbital and charge transfer transitions, based on their intensities and 
the assignments made for similar complexes.[1, 2] Both six-membered chelate ring 
complexes of [Co(Mes-tricosaneN6)]Ch and [Co(Meg-tricosaneN6)]Cl3 have large d-d 
transition shifts to lower energy compared with those of the five-membered chelate ring 
complex of [Co(Me)2-sar]Cl3, reflecting the weaker ligand fields expected from their 
larger cavity sizes. 
Another feature of the spectra is that the [Co(Meg-tricosaneN6)]Cl3 absorptions 
show small shifts to higher energy compared to those of [Co(Me5-tricosaneN6)]Cl3, and 
this is inconsistent with the expected larger cavity for the octa methyl cage. One 
explanation is that the two systems have different preferred conformations, with the 
cavity of the [Co(Meg-tricosaneN6)]3+ form being slightly smaller than that of the 
[Co(Mes-tricosaneN6)]3+ form. 
Table 6.2. Electronic Spectral Properties of Saturated CoIIIN6 Cage Complexes. 
Chloride Salts (5.0 x 10-4 M) in H20 at 25°C. Amax in nm, E in M-lcm-1. 
Complexes 
1A12 _.._. 1T12 
[Co(Me h-sar ]Cl3 472 (160) 
[CoIIl(Mes-tricosaneN 6) ]Cl3 516 (86) 
[CoIIl(Meg-tricosaneN6) ]Cl3 508 (69) 
[CoIIl(Meg-tricosaneN6) ]Cl3 * 484 (80) 
[ CoIIl(Meg-tricosaneN6) ]Cl3# 474 (91) 
* 5.5 x 10-4 M in 80 20 methanol water at 20°C. 
# 5.5 x 10-4 M in 80 20 methanol water at -75°C. 
Amax (E) 
lA11r _.._. lT21r charge transfer 
342 (139) 244 (20220) 
370 (115) 264 (19098) 
360 (80) 256 (14772) 
346 (125) 254 (24291) 
345 (140) 253 (39636) 
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The variable temperature NMR study (6.3.2) implies that the colour change of 
[CoIIl(Me5-tricosaneN6)](N03)3 in 80:20 methanol-water solution at low temperature 
does not largely arise from changes in the structure of the solution complexes. The 
electronic spectra of [CoIIl(Me5-tricosaneN6)](N03)3 in 80:20 methanol water solution at 
both -75°C and 20°C are, however, different to that in aque~Jus solution. The spectrum at 
20°C (Figure 6.6) shows that both d-d absorption bands have a significant shift to high 
energy compared with those in aqueous solution (24 nm for the 1A1g --- 1T1g band and 
14 nm for the 1A1g --- 1T2g band). The band at 484 nm is also more narrow than that 
in pure aqueous solution. The details are listed in Table 6.2. It isintriguing that the 
presence of methanol appears to make the ligand field substantially stronger, but 
conformational change may occur in the different medium and this could lead to cavity 
size changes for some of the species in equilibrium. 
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Figure 6.6. Electronic Absorption Spectrum of [CoIIl(Mes-tricosaneN6)](N03)3 (5.5 x 
10-4 M) in 80:20 Methanol Water Solution at 20°C. 
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The low temperature spectrum (Figure 6.7) shows an even larger shift to high 
energy for the d-d bands, particularly for the longer wave length band. Now, there are 
two d-d bands at 345 and 474 nm respectively, Table 6.2. This is probably mostly 
related to the characteristic temperature dependence of the ligand field bands. As 
mentioned early, VT NMR studies showed no significant chemical sJUft changes between 
20°C and -75°C, and this confirms that the temperature dependent shifts in the electronic 
spectra probably do not arise from structural changes in solution. 
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Figure 6.7. Electronic Absorption Spectrum of [CoIIl(Mes-tricosaneN6)](N03)3 (5.5 x 
10-4 M) in 80:20 Methanol Water Solution at Different Temperatures. 
6.3.4 
6.3.4.1 
Electrochemistry 
Aqueous System 
The isolation of substitution stable [Co(Meg-tricosaneN6)]3+ molecules supports 
the prediction arising from the electrochemical study of the [Coil(Meg-tricosaneN6)]2+ ion 
in the last chapter, and a slightly clearer mechanism for the redox chemistry of [Coll(Mes-
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tricosaneN6)]2+ ion can be drawn as in Scheme 6.2, at least for the main oxidation and 
reduction waves. 
[Co(III) X] 
unstable 
Co(Ill) Y 
stable (orange~. ee · •.. 
'~~ 
Co(II) B 
stable (pink) 
-
[Co(II) A] 
unstable 
Scheme 6.2. Proposed Mechanism for the CV of [ColI(Meg-tricosaneN6)]2+ Ion in the 
Aqueous Solution. 
The elect~ochemical behaviour of the orange [ColII(Meg-tricosaneN6)]3+ ion 
(Figure 6.8) in aqueous solution is similar to that of the [Coll(Meg-tricosaneN6)]2+ ion 
(Figure 5.14) but not identical. The CV spectrum in Figure 6.8 shows that starting with 
the isolated orange Co(Ill) ion, a reduction occurs at ca. 0 mv followed by an oxidation 
at +426 mv (SCE). In the CV for the Co(II) ion, Figure 5.14, an oxidation/wave is 
observed at +600 mv on the forward scan and a reduction peak at 53 mv on the reverse 
scan. Another notable feature is that there is evidence for the reduction of a second 
Co(Ill) species at ca. 400 mv (Figure 5.14) in the [Coll(Meg-tricosaneN6)]2+ CV. For 
the [ColII(Meg-tricosaneN6)]3+ ion CV, however, a shoulder in the oxidation wave is 
observed at ca. 100 mv (Figure 6.8). Two continuous scans give almost the same results 
so the system appears to be chemically reversible. However, the peak separation Lllip is 
ca. 400 mV, and clearly the system is not electrochemically reversible in the electron 
transfer sense. Also, the CV of the Co(II) complex is slightly more asymmetric and the 
Lllip is ca. 550 mV. Firstly, these results imply that the conformations involved in the 
main waves are interconverting in rapid chemical equilibrium compared with the time 
scales of the cyclic voltammetry, but not as rapidly as the reorganization dynamics in 
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electron transfer. Secondly, some changes, probably involving configurational isomers 
are slow on the cyclic voltammetric time scale, and at least two isomers are involved in 
each oxidation state. The presence of at least two configurational diastereomers isomers 
has been established clearly for the Co(II) complex, and there are similar indications of 
their presence in the Co(ill) complex state from the reduction wave shoulder in the CV of 
the Co(II) complex (Figure 5.14). 
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Figure 6.8. CV of [CoIIl(Meg-tricosaneN6)]3+ Ion in H20 at 20°C. (Glass carbon 
working electrode, 0.1 M NaCl, scan rate= 100 mv/s). 
6.3.4.2 Aqueous Methanol System 
The visible spectral studies of the [CoIIl(Meg-tricosaneN6)]3+ ion display a 
substantial d-d transition shift to higher energy from aqueous to aqueous : methanol (20 : 
80) solution (see 6.3.3). It is potentially interesting to see the electrochemical behaviour 
for the [CoIIl(Meg-tricosaneN6)]3+ ion under similar conditions. 
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In 0.1 M LiN03 in aqueous methanol (20:80) solution, a good CV of [CoIIl(Me8-
tricosaneN6)]3+ ion was achieved, which is depicted in Figure 6.9. The shape of the CV 
is essentially the same as that for the 0.1 M NaCl aqueous solution. It also shows two 
similar intense peaks. However, changes occur in the potentials, and now a reduction 
wave occurs at +62 mv and an oxidation wave peak at +622 mv. The oxidation wave is 
ca. 200 mv more positive than that in aqueous solution and reduction wave is ca. 60 mv 
more positive. The CV is more consistent with that of the [Coll(Meg-tricosaneN6)]2+ ion 
in aqueous solution, except a Co(II) intermediate is evident on the oxidation wave at ca. 
+200 mv (vs SCE). Although it is difficult to relate the potentials to the values in water 
as the solvent, the larger oxidation wave shift could imply that the Co(II) ion is stabilised 
under this conditions .. In other words, the cavity of the preferred [Co(Me8-
tricosaneN6)]2+ conformation is larger or less rigidin the aqueous methanol system than 
in the aqueous system. 
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Figure 6.9. CV of [CoIIl(Meg-tricosaneN6)]3+ Ion in 0.1 M LiN03 20 : 80 Methanol 
Water at 20°C. (Glass carbon working electrode, scan rate= 100 mv/s). 
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6.3.4.3 Aqueous Methanol System •• Low Temperature CV 
Another measurement was made at -75°C in the aqueous methanol system (20:80) 
and the CV is depicted in Figure 6.10. Although the resolution of the cyclic 
voltammogram is poor due to the low temperature,[3] it clearly shows a reduction wave at 
-497 mv and an oxidation wave at +633 mv. Even at this temperature there was no 
-
electrochemically reversible behaviour observed. This result again indicates that some of 
the rearrangements (probably the conformation changes) of the CoII/III octa methyl cage 
have rates similar to the reorganization dynamics in electron transfer. However, at -75°C, 
at least one process, the change fypm the preferred Co(III) conformation to the preferred 
Co(II) form is slowed down substantially, dramatically lowering the reduction potential. 
For example, the oxidation wave shows almost no change compared with that at 20°C, 
but the reduction wave is shifted by ca. 450 mv to negative potential at -497 mv which is 
similar to the potential of smaller cavity cage complexes. This indicate that the preferred 
Co(Ill) conformation in the aqueous methanol is relatively unfavourable in the Co(II) 
state, and this is expected. Multiple scans give the same CV, which indicates a 
chemically reversible process. The large Lllip (ca. 1100 mv) clearly implies that the octa 
methyl cage ligand has the capacity to form different conformations which have very 
different cavity sizes or rigidity factors, and even a cavity size smaller than the optimal 
one for Co(II) appears to be favoured, at least in the Co(Ill) state. 
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Figure 6.10. Low Temperature CV of the [CoIIl(Mes-tricosaneN6)]3+ Ion in 0.1 M 
LiN03 Water Methanol (20:80) at -75°C. (Glass carbon working electrode, scan rate= 
100 mv/s). 
6.3.5 Solution 59Co NMR Spectroscopy of the Co(III) Cage 
In solution, the 59Co chemical shifts of cobalt complexes are usually very 
sensitive. They span about 16,000 ppm[4] and have a natural abundance detection 
sensitivity of 1572 relative to 13C.[5] Even subtle differences in the second coordination 
sphere of complexes are detectable.[6] 
Previous studies indicated that the 59Co chemical shifts of the smaller cavity cage 
complexes are also very sensitive, and showed some informative differences between the 
various CoN6 complexes.[7] The smaller cage system all showed a 150-200 ppm shift to 
higher field relative to their analogous and uncapped complexes, Table 6.3. 
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Table 6.3. 59Co Chemical Shifts of ColIIN6 Cage Complexes.(ca. 0.1 M complex in 
water, o relative to [Co(NH3)6]3+) 
Complex 0 
(ppm) 
[Co(NH3)6]3+ a 0 
[Co(en)3]3+ a -1046 
[Co(sen)]3+ a -1296 
[Co(tame)z]3+ a -776 
[Co(sar)]3+ a -1294 
[Co(sep)]3+ a -1234 
[Co(NH2)z-sar]3+ a -1312 
[Co(NH3)z-sar]5+ b -1283 
[CoIIl(Mes-tricosaneN6)]3+ c +66 
+225 
a 0.1 M H20 solution of chloride salt at 25°C. 
b 0.1 M H20 solution of chloride salt in 0.1 M HCl at 25°C. 
c 0.1 M D20 solution of nitrate salt at 25°C. 
~v112 Ref. 
(Hz) 
-
.. - .. [7] -
132 [7] 
356 [7] 
- [7] 
275 [7] 
265 [7] 
784 [7] 
1226 [7] 
9182 this work 
11554 
The electrochemical and NMR studies of the Coll/III octa methyl cage system 
have so far shown that the conformations and even the configurations of the molecules 
can change readily in solution (and sometimes in the solid state). The lH and 13C NMR 
spectra of the Co(III) cage, however, show no direct evidence that there is more than one 
conformer existing in aqueous solution, as interconversion is usually fast on 1 H and 13C 
NMR time scales. The 59Co NMR spectrum may possibly be more informative because 
of its sensitivity, the large variation in chemical shift and its time resolution (0.2 s - 0.1 
µs)[8] at 72 MHz. To seek further evidence of such configuration or conformation 
change(s), the solution 59Co NMR spectrum of the Co(III) octa methyl cage was 
recorded and the result is depicted in Figure 6.11. 
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Figure 6.11. 71.74 MHz 59Co NMR Spectrum of [CoIIl(Me8-tricosaneN6)]Cl3 in 
D20 at 25°C. sw = 1.0 x lQS Hz, dl = 0.2, tof = 0. 
The spectrum in Figure 6.11 shows clearly that there are two signals present, one 
c~. 
large and one small separated byA159 ppm (11,423 Hz). The larger peak is a symmetric 
line with linewidth of 9.2 kHz, which is much broader than that of 7 Hz for 
K3[Co(CN)6] in water,[9] but is much sharper than that of 40 kHz for 
Hg[Co2(CO)s].[10] This line width is 7 to 35 times wider than those of the smaller 
cavity size cages, such as 275 Hz for [Co(sar)]3+, 265 Hz for [Co(sep)]3+, 784 Hz for 
[Co(NH2h-sar]3+, 1226 Hz for [Co(NH3)i-sar]S+.(Table 6.3) The fact that two signals 
are observed implies that there may be an equilibrium existing in the solution between two 
conformers of the [CoIIl(Mes-tricosaneN6)]3+ ion, but clearly the interconversion rate is 
not too much slower than that needed for the two site exchange coalescence. 
The 13C NMR spectrum of this compound revealed a D3 symmetry for the 
complex ion on average in solution and the same equilibrium is presumably sampled 
according to this observation, the interconversion rate is much greater than that needed for 
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13C signal coalescence. For the 13C NMR, the time scale was ca. 75 fold greater than 
that for the 59Co NMR, [8] and so the isomer interconversion rate could be 104 - 1 os s-1. 
6.3.6 Stability of the [Colll(Mes-tricosaneN6)]3+ Ion 
Chemically the solid state forms of [CoIIl(Meg-tricosaneN6j]3+ are stable, but in 
solution it is much less stable than the [Coll(Mes-tricosaneN6)]2+ compound. In neutral 
the 
aqueous solution the Co(ill) compound is very stable at 20°C, but it is reduced to Co(II) 
A 
state quite rapidly at higher temperature (ca. 90°C). Also in weakly basic aqueous 
solution (pH - 9) the Co(ill) compound is slowly reduced to Co(II) at 20°C. 
In one experiment an attempt was made to convert [CoIIl(Mes-
tricosaneN6)](N03)3 to the acetate salt by anion exchange chromatography. The red 
eluate wa~ evaporated to dryness as soon as possible and yielded a pale grey solid. The 
greyish solid was dissolved in water to form a pale brownish solution but the colour 
changed to pink in days. The pink aqueous solution was evaporated to dryness to give a 
pink solid which was identified as [Coll(Meg-tricosaneN6)](CH3C02h by elemental 
analysis. However if the grey solid was dissolved in methanol the pale brownish 
solution did not change colour for months. The grey solid slowly changed to [Coll(Me8-
tricosaneN6)](CH3C02h in air and this process was increased by moisture. But the 
elemental analysis of the grey solid did not fit either the Co(Il) or the Co(III) cage. It is 
possible that both Co(Il) and Co(III) complexes were present in the mixture. A 
intriguing question arises as to why the colour was light brownish at first when the grey 
solid was dissolved in both methanol and water. It was shown in the last chapter, that in 
both solutions, methanol and water, the colour of the acetate salt of the purely Co(II) octa 
methyl cage was pink. All these results indicate that something very unusual has 
happened. The most likely process involved initially is a structural change, probably a 
configurational change which occurred in the acetate solution. An additional possibility is 
a spin change from low to high spin Co(III) which is then followed by a reduction to the 
Co(Il) state. If this is true, it would be a very interesting result, and further research on 
this topic is discussed in Section 6.3.8. 
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Despite the fact that the [CoIIl(Meg-tricosaneN6)J3+ ion is readily reduced to 
[Coll(Mes-tricosaneN6)]2+ ion in solution under some conditions, it is still a stable 
molecule. In fact, under neutral conditions, the [CoIII(Me8-tricosaneN6)]3+ ion can 
survive in water and DMSO for months at 20°C. 
6.3.7 Solid State Diffuse Reflectance Spectra 
Further studies have shown that the solid states forms of the [CoIIl(Me 8-
tricosaneN6)]3+ system can be readily changed. For example, the solid state nitrate salt of 
the orange form changes to blue in seconds when treated with· etlianol, methanol or 
acetone, even though it is insoluble in these solvents. The orange solid also changed to a 
purple form when heated to ca. 40°C in air overnight. Both the blue and purple forms are 
stable in a dry atmosphere. In acetonitrile solution, both blue and purple forms revert 
back to the orange species. When they are dissolved in water all three forms give a pink-
red solution. In both D20 and DMSO-d6 all three solid forms have identical NMR 
spectra with D3 symmetry. Elemental analysis indicates that the only difference among 
the three forms is the water content of the samples. The orange form contains 5 H20, the 
blue has 4 H20 and the purple just 1 H20. The blue colour in CoIIIN6 chemistry is 
unprecedented and therefore studies on the solid state structure are important and 
interesting. The essentially instantaneous changes from orange to blue in the solid state, 
and upon dissolution in DzO and DMSO-dG strongly implicate conformational changes. 
Other configurational changes foy CoIIIN6 complexes, even highly strained ones, are 
expected to be much slower. 
The diffuse reflectance spectra of orange, blue and purple solid samples were 
recorded and the spectra are shown in Figure 6.12. The orange form shows two largely 
symmetrical ligand field absorptions, at 349 and 4 77 nm, characteristic of a ColIIN 6 
chromophore. The spectrum of the orange solid also has a small shoulder at ca. 600 nm 
which could arise from some blue impurity. The blue form has three bands, two 
overlapped at ca. 325 nm and ca. 400 nm, and one less symmetrical peak at 588 nm 
which are probably overlapped with absorptions form orange impurity. The spectrum of 
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the purple sample is consistent with an overlap of the orange and blue absorptions. It is 
intriguing that the purple solid has less water than either the orange or blue forms, but the 
lattice has probably also changed substantially. 
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Figure 6.20. Visible Diffuse Reflectance Spectra of the Powdered Orange ([CoIIl(Mes-
tricosaneN 6) ](N03)3· SH20), Blue ([CoIIl(Mes-tricosaneN6)](N03)3·4H20) and Purple 
([CoIIl(Mes-tricosaneN6)](N03)3·H20) Forms of the [CoIIl(Mes-tricosaneN6)]3+ Cage 
System. 
One important conclusion resulting from these spectra is that the blue form has a 
much weaker ligand field than that of the orange form, and this means that the preferred 
ligand in this cavity form is substantially larger than that of the orange form. Also the 
solution electronic spectrum of the [CoIIl(Mes-tricosaneN6)]3+ cage has a d-d absorption 
band ( 1 A lg _.,.._ 1 T lg origin) at 508 nm and the solid diffuse reflectance spectrum of the 
orange form has one d-d absorption band at 477 nm. These results imply that the 
solution spectra show no signals of the blue form in aqueous solution nor of the orange 
form, and the solid state orange form of the [CoIIl(Meg-tricosaneN6)]3+ complex is 
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different from, in conformation, both blue form of [ColII(Me8-tricosaneN6)]3+ and 
aqueous state form of [CoIIl(Meg-tricosaneN6)]3+. 
The result indicates that the ligand conformation is readily influenced by the outer 
sphere interactions and therefore unusually medium sensitive. The extraordinary thing is 
that these changes.dramatically alter the cavity size and the ligand field. _For example, it is 
quite likely that the favoured aqueous solution conformation is intermediate between the 
orange (three ob rings) and the blue (three lei ring?) types. (see Sections 6.3.9 and 
6.3.10) 
6.3.8 
6.3.8.1 
Conformational and Spin Changes 
Conformational Changes 
Although the trinitrate salts are insoluble in many organic solvents, the colour of 
the solid can be changed when it is suspended in the solvents, as shown in Table 6.4. 
Table 6.4 Solubility and Colour Changes for Different Solid Forms of [CoIIl(Me8-
tricosaneN6)}(N03)3 (A) in Various Solvents 
Solvents Orange form Blue form Purple form 
A ·5H20 A·4H20 A·H20 
H20 s, pink-red solution s, pink-red solution s, pink-red solution 
EtOH i, blue solid i, blue solid i, blue solid 
MeOH i, blue solid i, blue solid i, blue solid 
Acetone i, blue solid i, blue solid i, blue solid 
MeCN sl s, orange in both* sl s, orange in both* sl s, orange in both* 
DMSO sl s, orange in both* sl s, orange in both* sl s, orange in both* 
s: soluble; i: insoluble; sl: slightly; * orange colour in both solid and solution. 
Some of these changes have been described to arise from conformational changes in 
Section 6.3.7. One explanation is that when the orange form is treated with hydrophilic 
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solvents such as methanol, ethanol and acetone, the solvents extract (NMR spectra and 
elemental analysis show no organic solvent in the treated solids) some of the water from 
the solid, thereby changing its lattice and the conformation of the complex. It has been 
possible to crystallise the blue form of the [ColII(Meg-tricosaneN6)]3+ cag~~reating a 
A 
concentrated aqueous solution of the trinitrate salt with ethanol in order to control the 
water content, although it was converted to the orange form when treated with X-raysin 
the crystallographic analysis and crystalline state lost. 
Table 6.5 also shows that the Co(III) complex changes colour in different solution 
environments. It is believed that these colour changes are also due to the conformational 
changes. The form in MeCN and DMSO could be similar to that of solid orange form of 
[CoIIl(Me8-tricosaneN6)]3+, and is different from that in water. 
In order to help to clarify the reasons for the colour changes, we sought t~ probe 
the anion dependence of the [CoIIl(Me8-tricosaneN6)]3+ ion structure. It was found that 
different salts have quite different colours as shown in Table 6.5. Most of these 
compounds form crystals quite readily. The single crystal X-ray analysis of [CoIIl(Mes-
tricosaneN6)]·(ZnCl4)Cl, however, showed that only slight distortion and bending were 
involved in the structure, (for more detail, see Section 6.3.9.3) although this was enough 
to change the cavity size and ligand field. This result confirms at least some of comments 
above about conformational changes are correct. 
Table 6.5. Solid State Colours of Different [CoIIl(Mes-tricosaneN6)]3+ Salts. 
Anion N03- NQ3- CI- CIQ4- ZnC153- CH3C02-
(5H20) (4H20) 
Colour orange blue orange purple red pale-grey 
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6.3.8.2 Evidence for Spin Changes 
The Section 6.3.8.1 above shown that most of the salts investigated here retained 
their diamagnetic low spin character in solution. One striking exception was the acetate 
salt, which not only displayed an unusual colour but also paramagnetic properties as the 
13C NMR studies of its solution showed no signals _in the normal window for 
diamagnetic Co(Ill) compounds. Is this a high spin Co(ll) or paramagnetic Co(Ill) 
species? If the answer is paramagnetic Co(Ill), then the result is unprecedented because 
there is no paramagnetic CoIIIN6 complex reported as far as we know. It was also found 
that the colour of the light-grey acetate salt changed to pink over a period of days in air 
but not in a desiccator. The final pink solid was identified as the Co(ll) cage by elemental 
micro analysis, but not the pale-grey solid whichshown a result that did not fit either the 
Co(ll) or the Co(llI) cages. It is supposed that a paramagnetic Co(llI) cage forms first, 
and then it is slowly reduced to Co(ll) by water in the weakly basic conditions of the 
acetate ion (see results in Section 6.3.6). It is believed that some of the paramagnetic 
complex Co(ill) may have already formed Co(ll) on the anion exchange column in the 
basic aqueous solution, because the micro analysis of the grey solid best fitted a mixture 
of Co(llI) and Co(ll) cages. The paramagnetic Co(Ill) complex, which still survived 
after the basic aqueous treatment, made the colour of the mixture very different and very 
pale compared to other ColIIN6 compounds, and was also quite distinct from the pure 
pink [CoIIl(Mes-tricosaneN6)](CH3C02)z salt. 
The solid diffuse reflectance spectra of the pure low spin Co(llI) cage (the blue 
form), the pure high spin acetate salt Co(ll) cage and the pale-grey acetate salt were 
recorded at 20°C under a N2 atmosphere and the spectra are depicted in Figure 6.13. This 
figure shows that the pure Co(ll) high spin compound has two intense bands sited at 496 
and 1068 nm, and the pure Co(Ill) low spin complex (the blue salt) has one intense 
absorption band at 589 and a strong absorption band between 200 and 350 nm. 
However, the pale-grey acetate salt sample (solid line) has lower intensity bands at 490 
nm and 1066 nm, and most importantly new bands at ca. 300 and 400 nm. Overall, the 
spectrum of the pale-grey paramagnetic acetate salt shows two bands in the low energy 
238 Chapter Six 
ligand field region which are characteristic of the [ColI(Meg-tricosaneN6)]2+ species, but 
no bands in this region which could be attributed to diamagnetic Col1IN6 species. In the 
near UV-Vis region of 300-450 nm, however, two new strong bands appear and the pure 
[ColI(Meg-tricosaneN6)]2+ species has no significant transitions in this region. The 
spectrum is thus consistent with a mixture of [ColI(Meg-tricosaneN6)]2+ and another 
Co(III) complex with very weak visible absorptions, but strong transitions in the 300-
4500 nm region. These results, along with 13C NMR and microanalytical studies, 
provide some indirect evidence for a paramagnetic CoIIIN6 complex. 
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Figure 6.13. Solid State Diffuse Reflectance Spectra Comparison of the Powdered 
Pure [CoIIl(Mes-tricosaneN6)](N03)3 (blue form, ........... ), Pure [ColI(Mes-
tricosaneN6)](CH3C02h ( _____ ) and Pale-grey [CoIIl(Mes-tricosaneN6)]3+ Acetate 
Salt( ___ ). 
6.3.9 
6.3.9.1 
Form) 
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X-ray Structural Studies 
Structure of [Colll(Me8-tricosaneN6)](N03)J•SH20 (Orange 
The crystallisation of different orange salts revealed some interesting lattice 
properties in preliminary X-ray studies. When extra LiN O~ was present, the lattice of the 
orange crystals contained six N03- anions and three Li+ cations. AfYellrnirorJ~rystal 
structure of this salt showed that all six anions surround the [CoIIl(Meg-tricosaneN6)]3+ 
ion. But when no extra LiN03 was present, the lattice of the orange crystals contained 
only three N03- anions per complex ion. 
The pure trinitrate salt gave orange crystals suitable for single crystal X-ray 
analysis, except that at -20 °C X-irradiation generated the blue form and crystallinity was 
lost. However at low temperature (-60 °C) the crystallinity was maintained and a good 
structure was obtained. The ORTEP diagram for the cation and its numbering scheme is 
depicted in Figure 6.14. Selected bond lengths and angles are given in Table 6.7. The 
atomic coordinates and isotropic displacement parameters are given in Appendix 6.1. All 
six nitrogen have the same S (or R) configuration linked to the A (or ~) arrangement of 
the three chelate straps. The annular six-membered rings display skew-boat 
configurations and the three straps of the complex have an ob-like conformation i.e. the 
plane of the three C atoms in the annular 6-ring chelates is oblique to the C3 axis. This 
conformation and its preferred cavity size is quite different from that of both the 
[Coll(Meg-tricosaneN6)](N03)i·H20 and [Colll(Me5-tricosaneN6)](PF6h·H20 
complexes. The annular six-membered rings of [Coil(Meg-tricosaneN6)](N03)2·H20 
compound are also skew boat, but adopt a let-like conformation and the annular six-
membered rings of [CoIIl(Mes-tricosaneN6)] (PF6h·H20 adopt flattened chair type 
conformations. 
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(a) (b) 
Figure 6.14. Thermal Ellipsoid Diagrams of the Orange Form of the Cation in [CoIII 
(Meg-tricosaneN6)](N03)3·5H20 with Labelling of Nonhydrogen Atoms, Viewed Face 
on (a) and Down the Approximate Three-fold Axis (b). Ellipsoids Show 50% Probability 
Levels and Hydrogen Atoms Have Been Deleted for Clarity. 
One unexpected feature is the average Co-N bond length of 1.989 A which is only 
about 0.02 A longer than that of typical cobalt hexaamine complexes and about 0.01 A 
longer than those of the smaller cavity hexaamine cage complexes, although it is not 
unexpected from its orange colour and reflectance spectrum. It is also about 0.03 A 
shorter than that of [CoIII(Me5-tricosaneN6)]3+, Table 6.6. This result is, however, 
consistent with the electronic spectral data for the [CoIII(Meg-tricosaneN6)]3+ ion in 
aqueous solution, which show ligand field transition shifts to higher energy compared 
with the penta methyl cage, see Table 6.2. The average twist angle of 62.6° is close to 
that for octahedral CoN6 geometry (<I> = 60°). 
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Table 6.6: Co(III)-N Bond Distances for CoIIIN6 Amine Complexes. 
Structure of Co(ill) Complexes aveM-N Ref. 
0 (A) 
[Co(NH3)6]Cl3 1.965 [24] 
[Co(en)3](C4H406)Cl·5H20 1.964 - . [25] 
[Co(sep)](N03)3 1.981 [26] 
[ CoIIl(Mes-tricosaneN 6) ](PF 6)3 · H20 2.023 [18] 
[ CoIII(Me8-tricosaneN6) ](N03)3 · 5H20 1.989 This Work 
Table 6.7. Selected Bond Distances and Angles for [CoIII(Me8-tricosaneN6)](N03h 
·5H20 
Bond Distances (A) 
Co(l)-N(l2) 1.982(5) Co(l)-N(l6) 1.997(5) 
Co(l)-N(22) 1.992(5) Co(l)-N(26) 1.969(5) 
Co(l)-N(32) 1.998(5) Co(l)-N(36) 1.994(5) 
N(12)-C(l 1) 1.502(7) 
N(12)-C(13) 1.484(7) N(16)-C(15) 1.493(7) 
N(16)-C(17) 1.497(7) N(22)-C(21) 1.507(7) 
N(22)-C(23) 1.481(7) N (26)-C(25) 1.497(7) 
N(26)-C(27) 1.512(7) N(32)-C(31) 1.508(7) 
N(32)-C(33) 1.496(7) N(36)-C(35) 1.502(7) 
N(36)-C(37) 1.493(7) C(l)-C(2) 1.538(8) 
C(2)-C(ll) l.a14(8) C(2)-C(21) 1.544(8) 
C(2)-C(31) 1.534(8) C(3)-C(4) 1.539(8) 
C(3)-C(l 7) 1.532(8) C(3)-C(27) 1.512(8) 
C(3)-C(37) 1.541(8) C(13)-C(14) 1.532(8) 
C(14)-C(15) 1.517(8) C(14)-C(141) 1.542(8) 
C(14)-C(l42) 1.552(8) C(23)-C(24) 1.524(8) 
C(24 )-C(25) 1.530(8) C(24 )-C(241) 1.550(8) 
C(24)-C(242) 1.546(8) C(33)-C(34) 1.562(8) 
C(34)-C(35) 1.516(8) C(34 )-C(341) 1.539(8) 
C(34)-C(342) 1.535(9) 
Bond Angles (deg) 
N(12)-Co(l)-N(16) 91.7(2) N( 12)-Co( 1 )-N(22) 89.1(2) 
N(12)-Co( 1 )-N(26) 178.2(2) N(12)-Co( 1 )-N(32) 89.6(2) 
N(12)-Co(l)-N(36) 89.3(2) N(16)-Co(l)-N(22) 88.7(2) 
N ( 16)-Co( 1 )-N (26) 89.8(2) N(16)-Co(l)-N(32) 178.1(2) 
N(16)-Co(l)-N(36) 89.2(2) N(22)-Co(l)-N(26) 92.0(2) 
N(22)-Co(l)-N(32) 89.9(2) N(22)-Co( 1 )-N(36) 177.3(2) 
N(26)-Co(l)-N(32) 89.0(2) N(26) Co(l)-N(36) 89.6(2) 
N(32)-Co(l)-N(36) 92.2(2) 
Co(l)-N(12)-C(l 1) 114.7(4) Co(l)-N(12)-C(13) 119.8(4) 
C(l 1)-N(12)-C(13) 114.3(a) Co(l)-N(16)-C(15) 119.1(3) 
Co(l)-N(16)-C(l 7) 114.3(4) C(l5)-N(l6)-C(l 7) 114.1(4) 
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Co(l)-N(22)-C(21) 
C(21 )-N(22)-C(23) 
Co( 1)-N(26)-C(27) 
Co(l)-N(32)-C(31) 
C(31)-N(32)-C(33) 
Co(l)-N(36)-C(37) 
C(l)-C(2)-C(l 1) 
C( 1 )-C(2)-C(3 l) 
C( 11 )-C(2 )-C(31) 
C( 4)-C(3)-C(17) 
C(4)-C(3)-C(37) 
C( 17)-C(3)-C(37) 
N(12)-C(ll)-C(2) 
C(13)-C(14)-C(15) 
C(13)-C(14)-C(l42) 
C( 15)-C( 14)-C(142) 
N(16)-C(15)-C(14) 
N(22)-C(21)-C(2) 
C(23 )-C(24 )-C(25) 
C(23)-C(24 )-C(242) 
C(25)-C(24 )-C(242) 
N (26)-C(25)-C(24) 
N(32)-C(31)-C(2) 
C(33)-C(34)-C(35) 
C(33)-C(34)-C(342) 
C(35)-C(34 )-C(342) 
N (36)-C(35)-C(34) 
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113.5(3) 
114.0(4) 
114.5(4) 
113.6(4) 
114.4(4) 
114.0(3) 
108.6(5) 
108.9(5) 
101.1(5) 
109.0(5) 
108.9(5) 
109.8(5) 
110.3(5) 
114.1(5) 
106.0(5) 
111.8(5) 
119.4(5) 
109.7(5) 
114.0(5) 
107.9(5) 
112.3(5) 
118.5(5) 
109.9(5) 
113.S(5) 
106.1(5) 
112.1(5) 
119.8(5) 
Co(l)-N(22)-C(23) 
Co( 1 )-N (26)-C(25) 
C(25)-N (26)-C(27) 
Co( 1 )-N(32)-C(33) 
Co(l)-N(36)-C(35) 
C(35)-N (36)-C(37) 
C(l)-C(2)-C(21) 
C(l 1)-C(2)-C(21) 
C(21 )-C(2)-C(31) 
C(4)-C(3)-C(27) 
C( 17)-C(3)-C(27) 
C(27)-C(3)-C(37) 
N(12)-C(13)-C(14) 
C( 13 )-C(l 4 )-C(l 41) 
C( 15)-C( 14)-C(141) 
C( 141)-C(14)-C( 142) 
N(16)-C(l 7)-C(3) 
N (22)-C(23)-C(24) 
C(23 )-C(24 )-C(241) 
C(25)-C(24 )-C(241) 
C(241 )-C(24 )-C(242) 
N(26)-C(27)-C(3) 
N(32)-C(33)-C(34) 
C(33)-C(34)-C(341) 
C(35)-C(34 )-C(341) 
C(341 )-C(34 )-C(342) 
N (36)-C(3 7)-C(3) 
Twist Angles (deg) 
119.7(4) 
118.8(3) 
113.8(4) 
119.4(3) 
118.4( 4) 
114.6(5) 
108.2(5) 
110.9(5) 
110.-1(5) 
108.6(5) 
110.2.(5) 
110.4(5) 
119.1(5) 
111.6(5) 
107.1(5) 
106.0(5) 
110.8(5) 
119.3(5) 
111.4(5) 
105.3(5) 
105.8(5) 
110.5(5) 
118.2(5) 
110.3(5) 
106.6(5) 
107.7(5) 
110.9(5) 
plane C(2), C(3), N(12) and plane C(2), C(3), N(l6) = 61.8 
plane C(2), C(3), N(22) and plane C(2), C(3), N(26) = 63. l 
plane C(2), C(3), N(32) and plane C(2), C(3), N(36) = 62.8 
6.3.10.2 Structure of [Colll(Mes-tricosaneN6)](N03)J·4H20 (Blue 
Form) 
The solid state diffuse reflectance spectroscopy (Section 6.3.7) and solid state 
CPMAS NMR spectroscopy (6.3.10) clearly show that the blue form has a much weaker 
ligand field than that of the orange form. Nice looking crystals of the blue form were also 
obtained, but X-ray studies so far have yielded poor diffraction data, which indicated 
either considerable lattice disorder involving the cobalt atom or a fluctional motion of the 
Co atom. Regardless of the actual cobalt dynanµcs, it is clear from the solid state 
electronic spectra that the average Co(Ill)-N bond length of the blue form would be 
longer that 2.1 A (assuming CoN6 coordination), which is much longer than what has 
been observed hitherto. The solid state 13C NMR spectra also show (Section 6.3.10) that 
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the blue form is diamagnetic, and that the ligand has essentially D3 symmetry. It is 
therefore believed that the structure of the blue form is close to that of the D3 form of the 
Co(II) complex, i.e. the annular six-membered rings have the lel3 skew boat 
conformation. 
6.3.9.3 Structure of [Colll(Mes-tricosaneN6)](ZnCl4)Cl (Red Form) 
The X-ray analysis of a red crystal of [CoIIl(Mes-tricosaneN6)](ZnC14)Cl has not 
been completed due to difficulties with the data refinement. However, the preliminary X-
ray analysis results clearly reveal two independent cations in a µnit cell, as shown in 
Figure 6.15. 
A B 
Figure 6.15. PLUTO Drawing of the Structures of the Two Crystallographically 
Independent Cations of [Colil(Mes-tricosaneN6)](ZnCl4)Cl. 
The structures in Figure 6.15 display the conformations of the three annular six-
membered chelate rings in each independent cation. The figure shows that the 
conformations of the annular rings of the A cation are different from those of the orange 
isomer in [CoIIl(Mes-tricosaneN6)](N03)3·5H20, whereas the B cation is essentially the 
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same as that of [CoIIl(Meg-tricosaneN6)](N03)3·SH20 (Figure 6.14). Apart from the 
conformational differences, the structures are formally similar, and all six nitrogen 
centres have the same S configuration for the A configuration about the Co centre. One 
conclusion from these observations is that the annular chelate ring confonnations are 
rather flexible. It is also clear that the overall conformation in the A structure in Figure 
6.15, which appears to approach that of the flattened chair form of [CoIIl(Me 8-
tricosaneN6)]3+,[18] and has a larger cavity and therefore longer Co-N bond lengths than 
the adjacent structure, which is close to that of [CoIIl(Meg-tricosaneN6)](N03)3·SH20. 
The structural studies of the octa methy 1 cages display the strong steric ·effects in 
the octa methyl cage ligand system, and the three additional methyl groups (compared 
with the penta methyl cage ligand) bring about a change in the stability order for the 
different conformations. It is believed that other stable conformations and even 
configurations having very different or similar cavity sizes may also exist under the 
different environmental conditions both in the solid state and in solution. The striking 
result is that the CoIIIN 6 chromophore electron properties undergo extraordinary 
changes, e.g. the salt colours vary from bright blue to yellow-orange to purple to 
colourless, while the metal is retained in the ligand cavity. These effects are new in 
ColIIN6 amine chemistry. 
6.3.10 Solid State 13C and 59Co NMR Study 
In most NMR studies, solids are avoided because dipolar interactions between 
many magnetic nuclei broaden the features so greatly that much information is lost. 
These dipolar, through space, interactions average to zero and vanish in most liquid-
phase spectra; hence the liquid phase is overwhelmingly favoured.[27] However, solid 
state NMR techniques can be used to study molecules that are insoluble or are denatured 
when solubilized, so that they can not be probed using conventional high resolution 
solution NMR. Solid state NMR methods also enable comparisons to be made of 
molecular structure and dynamics between solutions and crystalline or amorphous solids. 
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This is often of importance because of the reliance on solid state structural data for the 
interpretation of experimental results. 
To confirm the conformation change between the orange and blue forms of 
[CoIIl(Meg-tricosaneN6)]3+ and to establish its overall symmetry aspects, CPMAS 
experiments [28], using combined cross-polarizationldipolar decoupling sequence 
techniques, with solid-state 13C NMR and 59Co NMR spectroscopy were undertaken. 
The spectra are given in Figure 6.16 and Figure 6.17. The dissolution of each crystalline 
form of [CoIIl(Me8-tricosaneN6)]3+ in D20.gives identical lff and 13C solution NMR 
spectra which show that each form has the same average D3 symmetry in solution. In 
contrast, the solid state 13C, Figure 6.16, and 59Co, Figure 6.17, MAS NMR analyses 
. 
of the orange and blue compounds portray a very different picture. 
In the case of 13C MAS NMR, both spectra have somewhat poor resolution 
compared with the spectrum in the solution. But they are adequate to identify the two 
forms and to see· the basic symmetry features of the complexes, as well as significant 
chemical shift differences. The cap methyl groups of both solids have the same chemical 
shift at 21.6 ppm and the cap quaternary carbon atoms only differ by about 2 ppm. The 
13C MAS NMR spectrum of the orange form more closely resembles the 13C solution 
NMR spectrum and indicates the presence of an essentially D3 molecule in the solid, with 
a structure similar to the average solution one. However the 13C MAS NMR spectrum of 
the blue form shows that the ligand structure is very different, with significant downfield 
shifts of the methylene resonances from ca. 53.0 ppm to 66.7 and 59.2 ppm as well as 
an 8 ppm upfield shift of the annular methyl resonances from 32.4 ppm to 24.5 ppm. 
The six resonances clearly observed for the blue salt also indicate an essentially D3 
symmetry for the blue complex. 
The 59Co MAS NMR spectra (Figure 6.17) more clearly highlight large electronic 
and structural differences between the orange and blue CoN6 chromophores. The very 
sharp 59Co resonance obtained for the orange salt indicates a very symmetrical cobalt 
environment, which eliminates any substantial quadrupolar interaction at the metal site. 
The 59Co spectrum for the blue form, however, reveals an enormous downfield shift of 
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-4000 ppm for the cobalt resonance relative to that of the. orange form. This is coupled 
with a large increase in linewidth attributed to an increased nuclear quadrupolar 
interaction experienced by the Co nucleus. These spectral changes are consistent with a 
dramatically reduced ligand field strength at the cobalt site(s) in the blue complex, and an 
increased electric field gradient reflecting a significant dynamic electronic distortion from 
D 3 symmetry about the Co nucleus. This distortion is only seen in the 59Co spectrum 
but not the 13C spectrum. However, the intrinsic broadness of the solid state 13C NMR 
resonances (in comparison to their solution NMR counterparts) may preclude the 
observation of any further peak structure linked to a reduction from D3 symmetry. 
Alternatively, a fluxional site exchange of the cobalt atom within the large ligand cavity 
-
may be fast on the 13C NMR time scale, and this would cause the BC spectrum to reflect 
the idealized symmetry of the lattice conformation. The whole process is like a bird in a 
cage. The.bird can move and jump in the cage but it cannot move out of the cage.· Either 
way the symmetry of the ligand conformation in both the orange and blue forms is 
essentially D3, and the only two reasonable possibilities are the ob3 and lel3 skew boat 
arrangements respectively. 
In the 59Co MAS NMR spectrum of the blue form also clearly shows a sharp 
resonance for the orange form as a very minor impurity. This orange impurity could be 
due to the conformational interchange arising from traces of moisture. Another 
possibility is that there is an equilibrium between the blue and the orange forms even in 
the solid state. The solid state NMR spectra also clearly indicate that both the orange and 
blue forms are diamagnetic Co(ill) complexes. 
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Figure 6.16. 13C Solid State NMR Spectra of Orange (5H20) and Blue (4H20) 
Isomers of [CoIIl(Me8-tricosaneN6)](N03)3: (a) 2.11 T; (b) 9.40 T; (c) Dipolar 
Dephasing at 9.40 T. 
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Figure 6.17. 59Co Single Pulse Solid State NMR Spectra of Orange (5H20) and Blue 
(4H20) Forms of [CoIIl(Me8-tricosaneN6)](N03)3. 
6.3.11 
6.3.11.1 
Kinetic Study 
Half Cell Reaction 
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It is recognized that there are at least four conformational isomers of [CoIII(Me8-
tricosaneN6) ]3+ that are relatively close in energy from electrochemistry, spectroscopic, 
X-ray-ray analysis, and reactivity studies on both Co(II) and Co(III) systems. For 
example, one has an oxidation wave near 0.7 V vs SHE and another< 0.3 V vs SHE. 
The Co(llI) system was therefore used as an oxidant to oxidise both [Co(ll)(EDTA)]2-
and [Ru(NH3)s,PY' ]2+ in aqueous solution. 
The reaction rates were monitored by UV Nis spectroscopy, and the reactions 
were conducted in a split cell, with the Co(III) solution in on half and the reductant 
solution in the other half. 
In the case of Co(ill) oxidising [Co(II)(EDT A) ]2-, the Co(III) solution (light red) 
was mixed with H[[Co(II)H(EDTA)] solution (pink). The colour of the mixture changed 
over days first to purple and then to violet. Some pink crystals formed after weeks when 
the mixture solution slowly evaporated in the air. The pink crystals were identified as 
[Coll(Meg-tricosaneN6)](N03)2 by micro analysis, and the likely reaction is: 
Co3+ cage + [Co(II)(EDTA)]2- --- Co2+cage + [Co(IIl)(EDTA)]-
light red pink pink crystals violet 
This reaction is quite slow. The reason is probably due to the high potential of the 
half-reaction, [Co(llI)(EDTA)]- + e- = [Co(II)(EDTA)]2-, which is+ 0.6 V vs SHE and 
the slow self-exchange rate (- lQ-6 M-ls-1).[12] 
The second experiment was done using [Ru(NH3)5Py]2+ in water, Figure 6.18. 
The [Ru(NH3)5Py ]2+ ion has a potential of + 0.299 V vs SHE and the electron transfer 
rate self-exchange for Ru2+/3+ is fast Cket = 4.7 x 10s M-ls-1 at 25°C). The 
[Ru(NH3)5Py]2+ ion has a strong absorption band at 410 nm and [Ru(NH3)5Py]3+ is 
near colourless in the visible region. Therefore, by observing the change in the 
absorbance at 410 nm, the reaction rate could be monitored. The spectra show that the 
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reaction was finished in ca. 1 min. Compared with the first, this reaction was much 
faster. 
0.70 
0.60 
0.50 
~ 1e 0.40 
-e 
0 
~ 0.30 
<( 
0.20 
0.10 
350 400 450 500 550 600 650 
Wavelength (nm) 
Figure 6.18. Redox Reaction of [CoIIl(Meg-tricosaneN6)]3+ (5xl0-3 M) and 
[Ru(NH3)5Py]2+ (5xl0-3 M) in Aqueous Solution. A: Spectrum of the [CoIIl(Me8-
tricosaneN6)](N03)3 Complex in Half of the Cell and [Ru(NH3)5Py](CF3S03)2 in the 
other Half of the Cell; B: Spectrum of the Mixture Measured at 15 s; C: Measured at 1 
min; D: Measured at 2 min and 10 s. 
Both reactions confirm that in the aqueous solution the isolated [CoIII(Mes-
tricosaneN6)J3+ complex can be a good oxidant which has an effective potential of higher 
than 0.6 V vs SHE. 
6.3.11.2 Stop Flow Reaction 
The above experiments give some examples of how the [CoIII(Me 8-
tricosaneN6)]3+ ion can be a good oxidant, and the second reaction was repeated in the 
stopped flow spectrophotometer. The concentrations of species after mixing were 
[CoIIl(Mes"'tricosaneN6)]3+ = 0.0005 Mand [Ru(NH3)5Py]2+ = 0.0005 M. The kinetic 
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traces at 410 run are shown in Figure 6.19 and Figure 6.20. The initial absorbance arises 
largely from [Ru(NH3)sPy]2+. The reaction, however, was not finished in 200 seconds 
according to Figure 6.19. The [Ru(NH3)5Py]2+ ion decays over about 800 seconds 
according to Figure 6.20 presumably by the reaction 
[CoIII(Mes-tricosaneN6)]3+ + [Rull(NH3)sPy]2+ __ _..,. .... 
[Coll(Meg-tricosaneN6)]2+ + [RuIIl(NH3)5Py]3+ 
If the second-order rate constant k is defined by 
de 
= kc2 
dt 
where c is the concentration of both [Colll(Me8-tricosaneN6)]3+ and [Rull(NH3)5Py]2+, 
the integrated rate equation is 
kc t = co - 1 
0 
c 
where c0 is the initial value of c. It will be assumed that the Beer-Lambert Law holds and 
that the relative absorbance change is a linear function of the concentrations of the two 
cations, and therefore of the extent of reaction. This being so 
kc t = Ao - Aoo - 1 
0 A - A 00 
Accordingly values of (Ao - A00 - 1) were calculated and plotted against t, the slope of 
A - A 00 
the best straight line through the origin being kc0• 
For both traces, the plot (Ao - A 00 - 1) against t is given, Figure 6.21 and 
A - A 00 
Figure 6.22. The points lie on a satisfactory straight line through the origin, the slope of 
whicha.l'e 0.0144 and 0.0141 respectively. Both traces fit second order kinetics with 
second-order rate constants k of 29 and 28 M-ls-1 respectively. 
252 Chapter Six 
0 .06':) 
0.800 Tiiti~ -(second;) 
--,-t---.,--·--t·--.. ·-----·---·-···--
40.9 80.8 120. 8 168.9 209.0 
Figure 6.19. The Kinetic Trace for a Mixture of [CoIII(Mes-tricosaneN6)]3+ and 
[Ru(NH3)5Py]2+ in Water at 410 nm (5.0 x 10-4 Meach, 25.0 ± 0.2°C, I= 0.1 M NaCl). 
Figure 6.20. The Kinetic Trace for a Mixture of [CoIII(Mes-tricosaneN6)]3+ and 
[Ru(NH3)5Py]2+ in Water at 410 nm (5.0 x 10-4 Meach, 25.0 ± 0.2°C, I= 0.1 M NaCl). 
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A-A Figure 6.21. Plot of 0 00 - 1 vs. t (seconds) for the Reaction of [ColII(Me8-A - A 00 
tricosaneN6)]3+ Ion (5.0xlQ-4 M) and [Rull(NH3)5Py]2+ Ion (5.0xlQ-4 M) in Water. 
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A-A Figure 6.22. Plot of 0 00 - 1 vs. t (seconds) for the Reaction of [CoIIl(Me8-A - A 00 
tricosaneN6)]3+ Ion (5.0xlQ-4 M) and [Rull(NH3)5Py]2+ ion (5.0xlQ-4 M) in Water. 
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6.3.11.3 Electron Transfer Self-exchange Rate Constant 
The synthesis, electrochemistry, and solid NMR studies in this chapter show that 
there are at least two conformers (blue and red forms) with different formal potentials for 
the [Co(Me8-tricosaneN6)]3+ ion, one ca. 0.3 V and the other ca. 0.7 V (vs SHE). It is 
likely that the blue form would have the higher potential, and the reg form has the lower 
potential. The lower potential, however, is too low to oxidise [Ru(NH3)5Py]2+ (0.299 
V). In the case of half cell reaction for oxidizing [Ru(NH3)5Py]2+ (Figure 6.18), almost 
all the [Ru(NH3)sPy ]2+ ion has gone after l mi;fodicating a complete reaction. (This is 
also the case in stop flow reaction). The above result is in accord with, the unstable 
Co(III) blue form being the oxidant, whose potential is ca. 0.7 V. The solution lH and 
13C NMR spectra, and also the electronic absorption spectra, however, show no more 
than one isomer in solution for [Co(Mes-tricosaneN6)]3+. Therefore, there must be a 
relatively fast equilibrium established between the blue and red forms in solution, 
[Co(Ill)lred ( K' ) [Co(III)]blue (1) 
The equilibrium constant K' should be less than 10-3, otherwise, the blue form 
would have been seen in aqueous solution on the electronic spectroscopy time scale. 
The calculation of the self-exchange rate constants of the [CoIIl(Meg-
tricosaneN6)]3+/2+ couple was made according to the Marcus cross-reaction relation 
equations (3) and (4) for the redox reaction (2)[13, 14] 
[01] + [R2] < kl2 > [R1] + [02] 
(log K12)2 
logf = 
4 log (kllb2 I Z2) 
(2) 
(3) 
(4) 
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log K12 = 16. 90 ilE (25°C) (5) 
where kl 1 and kz2 are the self-exchange rate constants for the reactants, k12 is the cross-
reaction rate constant, K 12 is the equilibrium constant for the reaction, and Z is the 
collision frequency of molecules in solution ( = 1011 M-1 s-1 ). For the reaction: 
[CoIIl(Meg-tricosaneN6)]3+ + [Ru11(NH3)5Py]2+ ----
[Coll(Meg-tricosaneN6)]2+ + [RuIIl(NH3)5Py]3+ (6) 
The formal potential of [Ru(NH3)5Py]3+12+ is+ 0.299 V,[15] and the second order rate 
-
constant obtained from Figure 6.19 and 6.20 for reaction (6) is 28.5 M-ls-1 at 25°C and I 
= 0.1 M. The self-exchange rate constant kll for the [Ru(NH3)5Py]3+t2+ couple is 4.7 x 
1Q5 M-ls-1.[15] According to equations (3), (4) and (5), and taking into account the red-
blue equilibrium factor (assuming K = lQ-4, and a foi;mal potential of 0.64 V for the blue 
form), the self-exchange rate constant kz2 for the [Co(Meg-tricosaneN6)J3+12+ couple is 
estimated crudely as 1.0 M-ls-1. 
The self-exchange rate constant k12 estimated (1.0 M-ls-1) for the blue form of 
[Co(Meg-tricosaneN6)p+t2+ couple is much larger than that of other simple hexaamine 
Co(lll)/(11) couples such as .[Co(NH3)6]3+!2+ and [Co(en)3]3+12+, (Table 6.8) but it is 
similar to those of the cage complexes including the [Colll(Me5-tricosaneN6)]3+ cage. 
For smaller cavity cage complexes, such as [Co(sep)]3+12+ couple, it is clear from 
the structural studies and molecular mechanics calculations of the two ions that both 
oxidation states are strained relative to those of the [Co(NH3)6]3+12+ and [Co(en)3]3+12+ 
couples.[21, 22, 23] The strain in both ground states, about the ligand cavity helps the 
reactant pair towards the activated complex and the free energy barrier for electron 
transfer is thereby effectively lowered. 
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Table 6.8. Self-exchange Rate Constants of Hexaamine Co(IIl)/(II) Couples (25°C). 
hexaamine couples k (M-ls-1) E (V) vs SHE 
[Co(NH3)6]3+!2+ - IQ-7 - 0.02 
[Co( en h] 3+/2+ 3.4 x 10-s 
- 0.1 
[Co((NMe3)2-sar)]5+14+ 0.011 + 0.05 
[Co( (NH3)2-sar) ]5+14+ 0.024 + 0.02 
[Co(Me5-tricosaneN6) p+t2+ 0.4 + 0.08 
[Co( (NH2h-sar) ]3+12+ 0.50 - 0.3 
[ Co(Me h-sar p+t2+ 2 - 0.45 
[Co( sar) ]3+12+ 2.1 - 0.40 
[Co( Cl h-sar] 3+/2+ 3 - 0.129 
[Co(sep) ]3+12+ 5.1 - 0.3 
[Co(Me8-tricosaneN 6) p+12+ 1.0 a - 0.64 
[Co(Mes-tricosaneN6)]3+/2+ o.1b - 0.27 
a: estimated result from oxidizing [Ru(NH3)5Py ]2+ by blue form. 
b: estimated result from oxidizing [Co(Cl)2-sar]2+ by red form. 
-- -.. 
ref 
[16, 17] 
[16] 
[2] 
[2] 
[18] 
[16] 
[19] 
- [16] 
[17] 
[16, 20]] 
this work 
this work 
The kinetics of another reaction, in which [Co(Mes-tricosaneN6)]3+ oxidises 
[Co(Cl)2-sar]2+, was also measured by the stop flow method. The concentrations of 
species after mixing were [CoIII(Mes-tricosaneN6)]3+ = 5.0xlQ-4 Mand [Co(Cl)2-sar]2+ 
= 5.0xlQ-3 M. The kinetic traces at 570 nm for the pseudo first order conditions are 
shown in Figure 6.23 and Figure 6.24. This reaction is much faster than that of the 
[Co(Mes-tricosaneN6)]3+ oxidation of [Ru(NH3)5Py]2+, which is consistent with a large 
driving force under these conditions. The kinetic traces (see Figure 6.23 and Figure 
6.24) gave an average value kobs ca. 800 M-ls-1. 
When the blue form of [Co(Mes-tricosaneN6)]3+ is considered to be the oxidant 
with formal potential 0.64 V (vs SHE), unfavourable equilibrium constant K = IQ-4, and 
kobs = 800 M-1s-1, and the self-exchange rate constant for the blue form of the [Co(Mes-
tricosaneN6)]3+12+ couple is calculated to be 350 M-ls-1. This result is not consistent 
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with the conclusions from the previous reaction which gives value of ca. 1.0 M-ls-1. If 
the Marcus cross-reaction relation equations still hold in these experiments, a reasonable 
alternative explanation could be that the different oxidants, the blue and red forms, are 
involved in the two instances. For [Ru(NH3)5Py ]2+, the blue form is the oxidant, and 
for [Co(Cl)2-sar]2+, the red form is the oxidant. For- the red form of [Co(Me8-
tricosaneN6)]3+ a potential of ca. 0.27 V (vs SHE) would be expected which gives self-
exchange rate constant of ca. 0.1 M-ls-1 for the red form [Co(Me8-tricosaneN6)p+t2+ 
couple. 
· Although the equilibrium constant K' of I0-4 for the blue and red forms is a 
reasonable assumption, it is still a guess derived from th.e CV of [Co(Me8-
.. 
tricosaneN6)]3+. Therefore the calculations given here are crude, but they do indicate self 
-exchange rate constants for the blue and red forms in the region observed for other 
Co(III) cage complexes. 
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Figure 6.23. Kinetic Trace for a Mixture of [Co(Mes-tricosaneN6)]3+ (5.0 x I0-4 M) 
and [Co(Cl)2-sar]2+ (5.0 x I0-3 M) in 0.1 M NaCl at 25 ± 0.2°C. 
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Figure 6.24. Kinetic Trace for a Mixture of [Co(Mes-tricosaneN6)]3+ (5.0 x)0·4 M) 
and [Co(Cl)i-sar]2+ (5.0 x lQ-3 M) in 0.1 M NaCl at 25 ± 0.2°C. 
6.3.12 Electrospray Mass Spectrometry 
ESMS was found to be a very useful tool in the characterisation of the [Coll(Me8-
tricosaneN 6)]2+ complex in Chapter Five. In the present application, [CoIIl(Mes-
tricosaneN6)](N03)3·5H20 (0.1 mg) was dissolved in water/methanol solution(20/80, 1 
ml) and diluted by 100 times with water or methanol prior to recording a spectrum. Just 
as for the [Coll(Me8-tricosaneN6)]2+ complex, the cone voltages were important in 
influencing the intensities of the observed ions. Figure 6.25 (top) shows that at high 
cone voltage, both mono and doubly charged ions were clearly visible, whereas at low 
cone voltage, Figure 6.26 (bottom), only a doubly charged ion was observed. 
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Figure 6.25. ESMS Spectrum of [CoIII(Meg-tricosaneN6)](N03)3-SH20 in 99.2 : 0.8 
Water: Methanol Solvent System. T = 80°C. Top: Bl= 60 V. Bottom: Bl= 25 V. 
The important result is that the most abundant ion is in the Co(II) not the Co(III) 
state for both mono and doubly charged ions. This result indicates that the [CoIIl(Mes-
tricosaneN6) ]3+ ion is readily reduced to the cobalt(II) state under these conditions, and it 
is interesting to investigate the conditions under which any Co(III) state ion survives. 
An experiment conducted in mainly methanol solution displays some interesting 
results. An expanded spectrum, recorded at a cone voltage of 60 V, is given in Figure 
6.26. It is straight forward to assign the largest signal at 248.8, and its daughter signals 
at 249.3 and 249.8 to be the isotope peak spacing of the [Collcage]2+ ion; but it is not 
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immediately obvious that any Co(llI) or Co(IV) ions are present. An intriguing fact is 
that the peak centred at rn/z 247.8 fits the [Co1Vcage-2H]2+ ion perfectly. It is hard to 
accept this result because ColVN6 amine species are hitherto unknown and also its small 
size, but it is feasible that the doubly deprotonated ob3 conformational cavity would 
favour such a species. According to previous studies in the las~ chapter, low cone 
voltages may lead to the observation of ions in different oxidation states. Therefore 
another experiment was conducted with the same sample under different instrumental 
conditions, and the results are given below. 
100 
247.716 
[ Co(Il)cage ]2+ 
(248.7) 
1'41.769 
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m w m ~ m m m 
Figure 6.26. Expanded ESMS Spectrum of the Doubly Charged Ions of [CoIIl(Mes-
tricosaneN6)HN03)3·5H20 in 0.2: 99.8 Water: Methanol Solvent System. Bl= 60 V. 
T= 80°C. 
Clearer and more interesting results were obtained from an expanded spectrum of 
the doubly charged ions, recorded at a lower cone voltage of 25 V in mainly methanol 
solution. The ESMS spectrum is depicted in Figure 6.27 and the three main peaks are 
assigned to the [Collcage]2+, [Co11Icage-H]2+ and [Co1Vcage-2H]2+ ions. It is obvious 
that the [Collcage]2+ is the most abundant ion (100%), but the relative abundances of 
[Co11Icage-H]2+ (79%) and [Co1Vcage-2H]2+ (81%) ions are also very high. If the 
isotope peak patterns of the [ColV cage-2H]2+ ion, i.e. 30% of signal at rn/z 248.3 are 
considered, there remains a 55% abundance for the [Co11Icage-H]2+ ion. 
100 
Co(IV): [Co(IV)cage-2H]2+ 
Co(III): [Co(III)cage-H]2+ 
Co(II): [Co(Il)cage]2+ 
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Figure 6.27. Expanded ESMS Spectrum of the Doubly-Charged Ions of [CoIII(Me8-
tricosaneN6)HN03)3-5H20 in 0.2: 99.8 Water: Methanol Solvent System. Bl= 25 V. 
T=80°C. 
To confirm these unusual redox chemical processes, the 20 : 80 water methanol 
solution of the [CoIIl(Meg-tricosaneN6)](N03)3·5H20 sample was diluted 100 times 
using different solvents, and ESMS spectra were recorded under different conditions at a 
low cone voltage of 15 V. The spectra for the doubly-charged ions are given in Figure 
6.28. Even when the spectra were obtained under low resolution conditions, it is still 
clear that these redox processes do occur. It is also clear that the 1 % formic acid-aqueous 
solution reduced the abundance of the doubly deprotonated [Co(IV)cage-2H]2+ species, 
but relatively enhanced the [Co(III)cage-H]2+ presence, so that the Co(III) ion was the 
most abundant ion the more acidic aqueous atmosphere. This was the first time that the 
Co(III) ion·· was seen as the most abundant species in ESMS studies of the Co(II) and 
Co(ill) (Meg-tricosaneN6) complexes. It is believed that one reason for this result could 
be the very low cone voltage. Under these conditions, the Co(III) ion may be more stable 
and survive for longer periods. It is also likely that the [ColI(Meg-tricosaneN6)]2+ 
species is relatively less stable in the more acidic atmosphere, and also that the doubly 
deprotonated species [Co(IV)cage-2H]2+ is less favoured. 
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Figure 6.28. Low Resolution ESMS Spectrum: Redox Chemistry of the Doubly-
Charged Ions of [CoIIl(Mes-tricosaneN6)](N03)3·SH20 in Different Solvent Systems. 
B 1 = 15 V. T = 80°C. 
The same spectra for the monocharged ion region are given in Figure 6.29. These 
spectra not only show redox chemistry for the cobalt atom but also for the anions. The 
formic acid has an important function in the process that it relatively stabilises the 
monocharged ions compared with the non-acidic conditions. In the water with formic 
acid, the anion associated monocharged ions are quite different from those in methanol 
systems. 
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Another important experiment was undertaken with a 50% [Coll(Me 8-
tricosaneN6)]2+, 50% [CoIIl(Meg-tricosaneN6)]3+ mixture. The ESMS spectrum is given 
in Figure 6.30 which confirms that the Co(II) ions are generally more stable than the 
Co(III) ions under the conditions used. However some evidence of Co(III) ions in the 
process is clear from a comparison with the similar ESMS spectrum of 100% [Co11(Meg-
tricosaneN6)]2+ under the same conditions (see Section 5.3.6). 
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Figure 6.30. Extended ESMS Spectrum of the Mono-Charged ions of 50% 
[Coll(Mes-tricosaneN6)]2+ and 50% [CoIIl(Meg-tricosaneN6)]3+ Mixture in 0.2 : 99.8 
Water: Methanol Solvent System. Bl= 15 V. T = 80°C. 
One of the important results achieved in the ESMS studies in this section is the 
redox chemistry of the [CoIIl(Mes-tricosaneN6)]3+ cation. From these studies, the Co(II) 
state appears to be the most stable oxidation state for the [Con(Meg-tricosaneN6)]n+ 
cages. But other oxidation states are also observed, with the Co(III) and the Co(IV) ions 
being relatively stable under some conditions, even though the Co(IV) is a very rare state. 
It is interesting to see that the results for the Co(II) and Co(III) ions are consistent with 
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other studies on the cobalt octa methyl cage complexes, especially the electrochemistry, 
reactivity and redox chemistry. This consistency implies that the ESMS technique may 
become an important method in studying the redox chemistry of metal complex systems. 
Any information about possible stable oxidation states of the studied complexes is 
important, and in this study the solvents and cone voltage \\:'t?re also fou~d to be important 
factors in the stabilzation of the different metal oxidation states. 
6. 4 Conclusions 
The [CoIIl(Me8-tricosaneN6)]3+ ion has been synthesised in nearly quantitative 
yield by bulk electrolysis of the Co(m system in aqueous solution. It was found that this 
ion can exist in two extremely different conformational forms in solid states. One is 
orange and the other is blue in colour and the only constitutional difference between them 
is the water contents, the orange form contains 5 H20 and the blue form 4 H20 in the 
lattice. All solids have identical NMR spectra and electronic properties in the same 
solvents. Some evidence has also found for a paramagnetic Co(III) ion. 
The X-ray structure of the [CoIII(Meg-tricosaneN6)](N03)3-5H20 (orange form) 
has almost ideal CoN6 octahedral geometry and the Co-N bond length is similar to that of 
many smaller cavity cage complexes. The conformation of the ligand can be changed 
readily leading to dramatic changes in electronic spectroscopy, and this is evident in the 
preliminary X-ray structural analysis of [CoIIl(Meg-tricosaneN6)](ZnCl4)Cl. The 
[CoIIl(Me8-tricosaneN6)](N03)3·4H20 (blue conformational form) has also been 
crystallised but an X-ray structural analysis has not yet been successful. 
The [Colll(Me8-tricosaneN6)]3+ ion is fairly stable in both solid and solution 
states especially in neutral conditions and near 20°C, but it is not nearly as stable as the 
[Coll(Me8-tricosaneN6)]2+ ion. When the [CoIIl(Meg-tricosaneN6)]3+ ion is heated to -
90°C in aqueous solution a reduction occurs readily yielding the [ColI(Mes-
tricosaneN6)]2+ ion. The same thing happens when the [CoIIl(Meg-tricosaneN6)J3+ ion is 
treated with weak base in solution (pH 9) at 20°C. The ESMS studies also indicate that 
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the Co(Il) state is more stable, and ESMS techniques were found to be a very useful tool 
in identifying different metal ion oxidation states. 
It was found that the [CoIIl(Meg-tricosaneN6)]3+ ion is a good oxidant, able to 
oxidise the [CoIIl(EDTA)]- compound which has a formal potential of+ 0.6 V (vs SHE). 
Although the different forms of the [CoIIl(Meg-tricosaneN6)]3+ ion have the same 
lH and 13C NMR spectra and electronic properties in the same solvent, their solid states 
have radically different properties. The electronic spectra show a remarkable difference 
of about 4,000 cm-1 between the ligand field bands of the orange (!.nd the blue 
conformations. The solid state NMR spectra and especially the 59Co MAS NMR spectra 
show an ca. 4,000 ppm downfield shift to higher deshielding for the blue form relative to 
that of the orange form. This change is consistent with a much reduced ligand field 
strength at the cobalt site in the blue form, and increased electric field gradient reflecting a 
significant electronic distortion from orange complex symmetry (03), largely about the 
cobalt nucleus. 
Many of the observations present in Chapters Five and Six have no precedent in 
either cobalt(Il) or (ill) N6 amine chemistry. More importantly, because the geometry of 
the CoN6 chromophore is largely retained during this process, except for the size 
changes, they imply a potential for the development of unique chemistry for other metals. 
Essentially they also provide a glimpse of the power of steric forces to engineer new 
chemistry while preserving substitution stability. The methodology recently developed to 
build the molecules here means that these prospects are real and, imminent. 
Chemically stable molecules which can show dramatic chromophore electron 
responses to environmental or outersphere changes also have an important potential for 
structure probing and labelling in biological and physical systems. The exceptionally 
large spectroscopic and redox changes displayed by the [CoIIl(Mes-tricosaneN6)]3+ 
molecule, while retaining its CoN6 chromophore, is a distinctive example of such a 
molecule. Future research directions will capitalise on these synthetic advances, in trying 
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to make photo-active reagents of various kinds for energy capture and conversion and for 
photo labels on proteins, along with basic studies of these profound steric effects. 
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CHAPTER 
Synthesis of the Octa Methyl Hexaamine Ligand 
and Its Copper Chemistry 
7. 1 Introduction 
269 
In Chapters Five and Six, it has been shown that the cobalt octa methyl cage 
complexes display some important and unique properties. One of these properties is that 
the various conformations and configurations of the ligand have remarkably different 
cavity sizes. As a result the ligand can fit not only small metal ions but also larger metal 
ions as well. This flexibility in ligand cavity size is an interesting and unusual property 
and formally allows the self-organized coordination of quite different sized metal ions. 
When alternative cavity size conformations are accessible, it can also lead to very unusual 
redox properties, while preserving the complex stability. 
The electrochemical reduction of the [Cull(sar)]2+ ion (a smaller cavity cage, 
Figure 7.1) in aqueous solution is essentially irreversible (Figure 7.2) and leads to 
extrusion of Cu ion from the cage, leaving the organic framework intact. The reason is 
believed to be due to the large size of the Cu(I) ion relative to the maximum available size 
of the sar ligand. 
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Figure 7.1 The Six-coordinate [Cull(sar)]2+ Ion. 
-0.6 -1.3 V (vs SCE) 
Figure 7.2. Cyclic Voltammogram of [Cu(sar)]2+ in 0.1 M NaCF3S03 at 22°C, Scan 
Rate 500 mV s·l.[1] 
Given the larger cavity size conformations available for the octa methyl cage it 
could conceivably host the Cu(I) ion well and the electrochemistry of the [Cull(Mes-
tricosaneN6)]2+ complex in aqueous solution could possibly be reversible. This chapter 
describes the syntheses of the Mes-tricosaneN6 free ligand and the [Cull(Mes-
tricosaneN6)]2+ complex (Figure 7.3), along with some properties of the copper 
complex. 
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Figure 7.3 Proposed Six-coordinate [Cull(Mes-tricosaneN6)]2+ Ion. 
7. 2 Experimental Section 
7 .2.1 Synthesis 
7.2.1.1 1,S,S,9,13,l3,20,20-0ctamethyl-3, 7,11,15, 18,22-hexaaza-
bicyclo[7.7.7]tricosane, Mes-tricosaneN6 •••••• Method One 
[ColI(Mes~tricosaneN6)](N03)2·H20 (0.64 g, 0;001 mol) was sorbed on a cation 
exchange resin column (Dowex 50W-X2, ff+ form, 15 x 45) and washed first with 0.5 
M HCl (500 ml) and then with 1 M HCl (500 ml) until no more Co(II) ion was present in 
the eluate. A white band was eluted with 5 M HCl and the eluate was evaporated to 
dryness. The white precipitate obtained was redissolved in a small amount of water and 
saturated NaOH solution was added with stirring to pH ca. 10 to 11. The white solid 
was filtered off and washed with some cold water. The white powder was dried in air. 
Yield 0.426 g (98%). lH NMR (ppm, chloroform at 7.24 ppm, relates to TMS) in 
CDCl3: o 0.67 (s, 6H, cap CH3); o 0.87 (s, 18H, ring CH3); o 2.33 (s, 12H, 
methylene CH2); o 2.50 (s, 12H, methylene CH2). 13C NMR (ppm, chloroform at 
77.00 ppm) in CDCl3: o 25.32 (cap CH3); o 25.60 (ring CH3); o 35.17 (ring quaternary 
C); o 38.63 (cap quaternary C); o 61.78, 62.64 (CHz). Mass spectrum: mlz 438 (M+, 
86%). Anal. Cale. for C25H54N6·0.5H20: C, 67.98; H, 11.18; N, 19.03. Found: C, 
68.02; H, 11.58; N, 19.09. 
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7. 2 .1. 2· Mes-tricosaneN 6 ------ Method Two 
To a solution of [Co(tame)z]Cl3 (10 g, 0.025 mol) and NaC104 (47 g) in CH3CN 
(250 ml), (CH3)zCH2CHO (96 g, 120.9 ml, 1.3 mol) and paraformaldehyde (4 g, 0.13 
mol) were added. Under vigorous stirring, NEt3 (40 ml) was added and the stirring was 
maintained for one hour at 20°C. The reaction mixture was quenc~e_~ with 4 M HCl (80 
ml) to pH 3. The solution was sorbed onto a Dowex 50W-X2 column (50 x 150). The 
column was desalted and eluted with 4 M HCI. The eluate was evaporated to dryness, 
the solids dissolved in water (200 ml) and the pH was adjusted to 6 - 7 by addition of 
NaHC03 solution. A solution of NaBH4 (5.67 g, 6 x 0.025 mol) in pH ca. 10.5 
Na2C03 (100 ml) was added with care. After 20 minutes stirring, the reaction was 
quenched by pouring the solution into a large beaker containing 05 M HCl (500 ml). 
The mixture was sorbed onto a Dowex 50W-X2 column (50 x 150) and desalted with 1 
M HCl until Co(II) ion was no longer detected in the eluate. The mixture was eluted with 
6 M HCl and the eluate was evaporated to dryness. The solid was dissolved in water and 
the pH was adjusted with 0.5 M NaOH solution to pH ca. 11. The white precipitate 
which formed was collected and washed with cold water. This consisted of essentially 
pure ligand which was recrystallised from hot acetonitrile after cooling at ca. - 20°C. 
Yield 0.706 g (13%). 
7.2.1.3 (1,5,5,9, 13,13,20,20-0ctamethyl-3, 7 ,11,15,18,22-hexaaza-
bicyclo[7. 7. 7]tricosane )copper(II) Di perchlorate Trihydrate, 
[Cull(Mes-tricosaneN6)](Cl04)2·3H20 
The Meg-tricosaneN6 free ligand of C2sH54N6·0.5H20 (1 mmol, 0.442 g) and 
CuCl2 (1 mmol, 0.134 g) were dissolved in AR methanol (5 ml). The intense blue 
solution which formed was stirred for two days at ca. 20°C and then refluxed for 15 
hours. The colour did not change. To the cooled solution was added NaCl04·H20 (1 g) 
and the complex was precipitated as a blue solid. The solid was collected, washed with 
methanol three times, then with ether and dried in air. Yield 0.585 g (78% ). Anal. Cale. 
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for CoC25H54N6(Cl04)i·3H20: C, 39.76; H, 8.01; N, 11.13; Cl, 9.39. Found: C, 
39.60; H, 7.46; N, 10.47, Cl, 9.29. 
7. 3 Results and Discussion 
7. 3 .1 Syntheses and Reactions 
7.3.1.1 Mes-tricosaneN6 Ligand 
Smaller cavity Co(II) cages usually have an extraordinarily high stability and 
inertness to the dissociation of the metal ion.[2] For example, the [Co(NH3)z-sar]4+ ion 
shows no detectable dissociation over several days even in strongly acidic solution at 
20°C.[3] Therefore the procedures for the preparation of free hexaamine cage ligands 
-
have often required rather stringent conditions, such as treatment with concentrated HBr 
at high temperature (126°C) or hot aqueous NaCN.[2] 
Two approaches to the isolation of the octa methyl cage ligand have been 
developed. One involves the extrusion of the metal ion from the cage molecule 
[Coll(Mes-tricosaneN6)]2+, shown in the last two steps in Scheme 7.1, and the complex 
sorbed on the cation exchange resin is simply treated with 1 HCl at ca. 20°C. However, 
this pathway requires the isolation of the triimine complex [Co(Mes-
tricosanetriimineN6)]3+ by SP-Sephadex cation exchange chromatography, followed by 
reduction of the triimine to the saturated amine. The second method involves the 
reduction of the reaction mixture and isolation of the free ligand as the last step by 
chromatography initially and then treatment of the ligand reaction products with base (pH 
11). The essentially pure Mes-tricosaneN6 ligand precipitates from the aqueous solution 
under these conditions. 
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OH- - Co11 
Scheme 7.1. One-Pot Synthesis for the Meg-tricosaneN6 Free Ligand. 
When the [Col.l(Meg-tricosaneN6)]2+ complex was treated with 6 M HCl and 
heated on a steam-bath, some loss of ligand occurred and the yield for free ligand was 
much lower. This happens even at ca. 20°C but the rate is much slower. The ion 
exchange method, using 5 M HCl to elute the ligand, followed by rotary evaporation, 
was an effective route to the protonated ligand hydrochloride salt. 
7.3.1.2 [Cu(Mes-tricosaneN6)]2+ 
The reaction between the Mes-tricosaneN6 cage and Cu2+ ion was carried out in 
methanol under reflux conditions, and the yield for the encapsulated copper complex is 
high. However, it is likely that the reaction for the synthesis of the [Cull(Me8-
tricosaneN6)]2+ compound is also quite efficient at a lower temperature. When the 
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[Cull(Meg-tricosaneN6)]2+ in aqueous solution was treated with an equal volume of 6 M 
HCl, the blue colour was lost in seconds. Presumably the copper ion was rapidly 
extruded by the acid. This result is different from those for smaller cavity copper cage 
complexes as well as for [Cull(Me5-tricosaneN6)]2+. In the latter case, dissolution of 
[Cull(Me5-tricosaneN6)]2+ in 5 M HCl results in complete release of copper as Cu(II)aq 
with kobs ca. lQ-4 s-1 at 20°C and this is approximately four-fold more rapidly than that 
for the smaller cage [Cull(sar)]2+ under the same conditions.[6] Clearly the octa methyl 
copper cage is even more reactive, probably because of easier access to the larger cavity 
size conformations, which would be relatively favoured by the enhanced steric effects in 
Mes-tricosaneN6. 
7.3.2 NMR Spectroscopy 
7 .3.2.1 Mes-tricosaneN6 
The lH NMR spectrum (Figure 7.4, Top) of the Meg-tricosaneN6 ligand in 
chloroform shows just four signals. They arise form the apical and the annular ring 
methyl group protons at 0.67 and 0.87 ppm, and the cap and the annular ring methylene 
protons at 2.3 and 2.5 ppm. The 13C NMR spectrum (Figur,:e 7.4, bottom) of the free 
ligand exhibits six signals. The signals at 25.3 and 25.6 ppm were assigned to the apical 
and annular ring methyl group carbons respectively. The signals at 35.2 and 38.6 ppm 
were assigned to the apical and annular ring quaternary carbon resonances respectively. 
The signal at 61.8 was assigned to the cap methylene carbon and the signal at 62.6 was 
assigned to the annular ring methylene carbon resonances with the aid of a HETCOR 
spectrum (Figure 7.5). Both the lH NMR and the BC NMR spectrum of the free ligand 
in the solution reflects an average rigorous D3h symmetry. 
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Figure 7.4. NMR Spectra of Mes-tricosaneN6 in CDCb. Top: 300 MHz 1H 
Spectrum (chloroform 7.24 ppm); Bottom: 75 MHz 13C Spectrum (chloroform 77.0 
ppm) 
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Figure 7.5. HETCOR Spectrum of Octa Methyl Free Ligand in CDC13 at 20°C. NT= 
96; NP= 2048; Dl = 1; NI= 256; JlXH = 140. 
7.3.2.2 [ Cu(Mes-tricosaneN 6) ]2+ 
The [Cu(Meg-tricosaneN6)]2+ compound is a paramagnetic material and no signal 
was found in the 13C NMR spectrum in the normal window for a sample in acetonitrile. 
The lH NMR spectrum (Figure 7.6), however, does give some useful information even 
though there is broadening of the signals. The signal at 2.6 and 3.3 ppm were assigned 
tentatively to the methyl group protons. The signals at 0.2 and 1.9 ppm were assigned to 
the methylene and amine proton resonances. The strongest signal at 23 ppm was due to 
solvent. The most important result is the presence of only four signals which implies an 
averageD3h symmetry for the molecule in solution. 
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Figure 7.6. 300 MHz lH NMR Spectrum of [Cuil(Mes-tricosaneN6)](Cl04)2 in 
CD3CN at 20°c. 
7.3.3 ESMS Studies 
The [Cuil(Mes-tricosaneN6)](Cl04)i compound was dissolved in water (0.1 mg 
in 1 ml) and the ESMS spectra obtained are given in Figure 7.7 and Figure 7.8. The 
[Cull(cage)]2+ (100%), [Cull(cage)Cl04]+ (17%), [Cull(cage)Cl]+ (8%), [Cull(cage-H)]+ 
(6%) and [Cu1II(cage-2H)]+ (3%) ions are found in the spectra. The signal for the 
[Cu11( cage )Cl]+ ion included a c1- ion which may come from impurity of the sample 
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because the sample was precipitated in a solution contained c1-. The most abundant ion 
found in the spectra was the [Cuil(Meg-tricosaneN6)]2+ ion. These results reveal that the 
Cu(II) ion is quite stable in the cage under the conditions. However, some [Cul(cage)]+ 
(7%) and [CuIII(cage-2H)]+ (3%) ions are also observed in the process (Figure 7.8). 
This is important because the [Cu1(Me5-tricosaneN6)]+ i9n was not observed in the 
ESMS studies of [CuII(Me5-tricosaneN6))(CF3S03)2 reported previously [7], even 
though the Cu(I) complex is certainly stablized in solution [6]. 
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Figure 7.7. ESMS Spectrum of [CulI(Me8-tricosaneN6)](Cl04h in Water with Cone 
Voltage 60 V at 60°C. 
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Figure 7.8. Expanded ESMS Spectrum of [Cull(Meg-tricosaneN6)](Cl04)2 in Water 
with Cone Voltage 60 V at 60°C. 
7.3.4 Electronic Spectroscopy 
The electronic absorption spectral properties of the [Cull(Me8-tricosaneN6) ]2+ ion 
in aqueous solution are depicted in Figures 7.9 and 7.10. The spectrum shows only one 
asymmetric band in the ligand field region at 604 nm. This differs from the smaller cage 
complexes [Cullsar)]2+ and [Cull(NH3)2-sar]4+ which exhibit two maxima at 663 and 
1183 nm for [Cull(NH3)2-sar]2+, and 653 and 1189 nm for [Cullsar)]2+.[4] The 
existence of the near-IR maximum in each spectrum of the smaller cavity cages is due to 
the tetragonal distortion of the CuN6 chromophores,[5] and therefore it is believed that 
the [Cull(Me8-tricosaneN6)]2+ ion may not display typical Jahn-Teller structural 
characteristics. The visible band (604 nm) of [Cull(Meg-tricosaneN6)]2+ ion appears at 
significantly higher energy and with higher intensity than that for the smaller cavity 
cages. (Table 7.1) This result is partly similar to that for the penta methyl cage of 
[Cu11(Mes-tricosaneN6)]2+,[6] which also shows a shift to higher energy for the band at 
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616 nm, but the intensity for [Cuil(Mes-tricosaneN6)]2+ is dramatically lower than for the 
analogous bands of both the smaller cage systems and the [Cull(Me5-tricosaneN6)]2+ 
system. 
Table 7 .1. Electronic Spectral Data for Cu(II) Hexaammin_e Complexes in Water 
Complexes /...(nm) £ (M-lcm-1) Ref. 
[CuIIsar]2+ 653 114 [4] 
1189 48 
[Cu11(NH3)2-sar]4+ 663 139 [4] 
1183 58 
[ Cull(NMe3)2-sar ]4+ 649 150 [5] 
1145 64 
[ Cull(Mes-tricosaneN6) ]2+ 270 5610 [6] 
616 59 
[Cull(Me8-tricosaneN6) ]2+ 279 6766 this 
604 192 work 
[ Cuil(Mes-tricosaneN 6) ]2+ * 276 6256 this 
641 182 work 
* in acetonitrile. 
The asymmetric d-d band of [Cull(Me8-tricosaneN6)]2+ ion shows a long tail on 
the low energy side. To avoid solvent effects, a spectrum in acetonitrile was recorded 
and is depicted in Figure 7.11, and the electronic spectral properties are listed in Table 
7 .1. The spectrum is essentially the same as that in water. It is not clear why the long 
tail into the near IR occurs, but no possibility is the presence of more than one isomers. 
A notable result is that there is a significant shift of the visible d-d band (37 nm) to lower 
energy relative to that in water. It is believed that the conformations are different in water 
and acetonitrile, with a larger cavity form being preferred in the acetonitrile. 
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Figure 7.11. UV-Vis-NIR Spectrum of [Cull(Meg-tricosaneN6)](Cl04h·3H20 in 
Acetonitrile (5.0 x IQ-4 M) at 20°C. 
7.3.5 Electrochemistry 
As mentioned in the introduction (7.1), the smaller cage [Cull(sar)]2+ ion exhibits 
an irreversible CV in aqueous solution largely because the sar ligand is too small to retain 
the Cu(I) ion. The cyclic voltammetry of [Cull(Meg-tricosaneN6)]2+ ion in neutral 
aqueous solution is depicted in Figure 7.12. At low scan rates, the CV shows a 
completely irreversible loop and only a reduction wave with at least two components was 
observed. An oxidation wave appeared, however, when the scan rate was increased. 
The smallest AE'p was at 200 m V at a scan rate of 500 m V s-1 with E = - 7 40 m V (vs 
SCE), and L1Ep increased with higher scan rate. The results indicate that the Cu(I) ion is 
stabilised by the octa methyl ligand relative to the smaller cavity cage systems. This is 
consistent to a degree with the [Cull(Mes-tricosaneN6)]2+ results [6], but the couple is 
clearly not electrochemically reversible, which could arise form the presence of different 
preferred conformations in the Cu(II) and Cu(I) states or from a slow self-exchange 
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electron transfer rate fro the Cu+/2+ couple. However it does appear to be chemically 
reversible at least at the faster scan rates. 
Although the nature of the [Cull(Me8-tricosaneN6)]2+ structure in solution has yet 
to be established, the electronic spectroscopy implies a substantially different CuIIIN 6 
geometry to that of the [Cull(Me5-tricosaneN6)]2+ complex. SuitaJ:>l~ crystals for single 
crystal X-ray analysis have not yet been obtained. The solid state salts of [Cull(Meg-
tricosaneN6)]2+ are not isomorphous with those of the Co(II) analogues (see Chapter 5) 
and the Cu(II) structure is therefore probably also different from those of the Co(II) 
system. 
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Figure 7.12. Different Scan Rates for the Cyclic Voltammetry of [CulI(Mes-
tricosaneN6)]2+ in 0.1 M KCl Aqueous Solution at 20°C. EPG Working Electrode. 
7. 4 Conclusions 
The free ligand Meg-tricosaneN6 has been isolated simply by two routes. Other 
metal ions such as the Cu(II) ion are readily inserted into the cage, and the [Cull(Mes-
tricosaneN6)]2+ ion has been isolated in high yield. The [Cull(Meg-tricosaneN6)]2+ ion is 
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substitution stable in both solid and solution states, and has some unusual electronic 
properties which indicate that it may not be typically Jahn-Teller distorted. The 
electrochemical studies show that· the copper(I) is substantially stabilised by the Me8-
tricosaneN 6 ligand compared with the smaller cavity cage ligands. These results 
demonstrate the facility of the ligand to stabilise lower oxigation states_ such as Cu(I), as 
well as its potential to confer unusual electronic properties on other MN6 chromophores 
besides CoN6' while preserving substitution stability. 
7. 5 Future Work 
Many metal ions can be complexed with the Meg-tricosaneN6 ligand, so that a 
much more comprehensive study of the Mes-tricosaneN6 cage system, with its 
fascinating range of very different cavity size configurations, is possible and desirable. 
The encapsulated metal ion has efficient access to a remarkable variety of MN6 electronic 
properties for the same substitution stable metal-ligand system. This implies that new 
redox chemistry will be possible for many metal ions, and the development of new phot-
activated redox processes for MN6 systems is also likely. 
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CHAPTER 
Polymeric Cage Complexes: Formation and Properties 
8. 1 Introduction 
In Chapter Three, the aldehyde-substituted cage complex [Co(Me,CHO)-sar]3+ 
was described, and this molecule mediates a very useful way to connect one cage 
complex with an other, by the reductive condensation of aldehyde and amine groups. In 
this chapter, the aldehyde-substituted cage complex is used as a basic assembly block to 
build new molecules, especially the polymeric cage complexes because of their potentially 
important properties described in Chapter One. An investigation of the interaction 
between polymeric cage complexes and DNA is also reported in this chapter. 
8. 2 Experimental 
8.2.1 Synthesis 
8.2.1.1 (1-Formyl-8-methyl-3,6,10,13,16,19-hexaazabicyclo[ 6.6.6] 
icosane)cobalt(Ill) Triacetate Hydrate, 
[Co(Me,CHO)-sar](CH3C02)3·3.5H20. 
[Co(Me,CHO)-sar](CH3C02)3·3.5H20 was obtained by the general procedure 
described for a<;etate salts in Chapter Two. lH NMR (ppm, dioxane at 3.7 ppm) in D20: 
() 0.85 (s, 3H, CH3); () 1.89 (s, 9H, CH3C02); () 2.2825 and 2.3287, 2.9054 and 
2.9510 (dd, 6H, J 13.7Hz, cap CH2); () 2.4610 and 2.5077, 3.0487 and 3.0954 (dd, 
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6H, J 14Hz, cap CH2); o 2.6068 and 2.6352 (d, 6H, en CH2); o 3.1562 and 3.1796 
and 3.2007 (t, 6H, en CH2); o 4.78 (s, lH, CHO). 13C NMR (ppm, dioxane at 67.4 
ppm) in D20: o 20.32 (cage CH3); o 20.32 (anion CH3C02); o 42.58 (quaternary 
CMe); o 51.58 (aldehyde cap CH2); o 52.32 (aldehyde cap quaternary C); o 55.49, 
55.54, 55.83 (methyl cap and en CH2); o 90.69 (hydrated form-CH(OHh). Anal. 
Calcd. for CoC16H34N60·(CH3C02)3·3.5H20: C, 42.24; H, 8.06; N, 13.43; Co, 9.42. 
Found: C, 42.74; H, 8.65; N, 13.14; Co, 8.81. 
8.2.1.2 Resolution of (±)-[Co(Me,CHO)-sarP+ 
(±)-[Co(Me,CHO)-sar]Cl3·2H20 (0.2 mol, 10.56 g) was dissolved in water and 
sorbed on a cation exchange resin column (SP-Sephadex C-25, Na+ form, 100 x 900). 
Two well separated orange bands were eluted with 0.1 M Na2[Sb2((+)-tartrateh] in 
aqueous solution. 
Band 1. (+)-[Co(Me,CHO)-sar]CIJ·2H20 
The eluate of the first band was desalted on a Dowex 50W-X2 column (Na+ 
form), and the complex was eluted with 4 M HCl solution. The eluate was evaporated to 
dryness and the orange product was washed with ethanol and diethyl ether and dried in 
air. Yield 5.02 g (47%). Anal. Calcd. for CoC16H34N60Cl3·2H20: C, 36.41; H, 7.26; 
N, 15.92. Found: C, 37.10; H, 7.47; N, 15.48. [M]s1s = - 1175 ± 10, [M]436 = + 
6045 ± 10 (degM-lm-1). 
Band 2. (-)-[Co(Me,CHO)-sar]Cl3·2H20 
The eluate of the second band was treated in the same manner as band 1, to yield 
4.88 g (46%). Anal. Calcd. for CoC16H34N60Ch·2H20: C, 36.41; H, 7.26; N, 15.92. 
Found: C, 36.40; H, 7.64; N, 15.66. [M1s1s = + 1135 ± 10, [M]436 = - 5995 ± 10 
(degM-lm-1). 
8.2.1.3 Reaction of [Co(Me,CHO)-sar]3+ and [Co(NH2h-sar]3+ 
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[Co(Me,CHO)-sar](CH3C02h·3.5H20 (2 mmol, 1.197 g), [Co(NH2h-sar] 
(CH3C02)3·H20 (1mmol,0.569 g) and acetic acid (0.15 g, 0.15 ml) were dissolved in 
AR ethanol (30 ml). The solution was deoxygenated with N1 gas for 30 min and a N2 
blanket was maintained over the solution, and then Zn powder (0.5 g) was added. After 
the colour of the solution changed to green, it was stirred for another two hours. 
NaBH3CN (0.2 g) was then added and the solution was stirred under the N1 blanket for 
3 days at 20°C. Then the solid was filtered off and washed with water. In air, the light 
green filtrate slowly changed to orange and air was bubbled through the solution for a 
half hour to complete the colour change. The orange solution was sorbed on a SP-
Sephadex C-25 column (Na+ form, 33 x 520). The column was washed with water (500 
-
ml) and three fractions were eluted with initially 0.1 M and then 0.2 M potassium 
sulphate solution. 
The first fraction was desalted on a Dowex 50W-X2 column and eluted with 4 M 
HCl solution. The eluate was evaporated to dryness (0.728 g) and it was found to 
contain a mixture of complexes by NMR spectroscopy. The solid was dissolved in water 
and sorbed on a SP-Sephadex C-25 column (Na+ form, 33 x 520). The resin was 
washed with water (300 ml) and three bands were eluted with 0.05 M trisodium citrate 
solution. 
Band 1. [Co(NH2h-sar)]3+. 
The first orange band from the Na3citrate chromatography was desalted on a 
Dowex 50W-X2 column and eluted with 4 M HCl solution. The eluate was evaporated to 
dryness and the complex was recrystallised from aqueous solution by addition of ethanol. 
Yield 0.205 g (35% ). The NMR spectra showed that it was pure starting material 
[Co(NH2h-sar)]3+. 
Band 2. ( 1-Hydroxymethyl-8-methyl-3,6, 10, 13, 16, 19-hexa-
azabicyclo[ 6.6.6]icosane )cobalt(III) Trichloride Trihydrate, 
[Co(Me,CH20H)-sar]Cl3·3H20. 
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The second citrate eluent band was desalted on Dowex 50W-X2 resin column and 
eluted with 4 M HCl solution. The eluate was evaporated to dryness and the complex 
was recrystallised by dissolving the solid in a small amount of water, and addition of 
ethanol. Yield 0.199 g (18%). lH NMR (ppm, dioxane at 3.7 ppm) in D20: 8 0.87 (s, 
3H, CH3); 8 2.3-3.3 (complex pattern, 24H, CH2); 8 3.35 (s, 2H; GH20H); 8 6.87 (s, 
6H, NH). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: 8 20.24 (cap-CH3); 8 43.01 
(C-Me); 8 49.02 (CCH20H); 8 52.15 (CH20H cap CH2); 8 55.24, 55.75 (en and Me 
cap CH2), 8 63.74 (CH20H). Anal. Calcd. for CoC16H36N60Cl3·3H20: C, 35.08; H, 
7.73; N, 15.34; Cl, 19.41; Co, 10.76. Found: C, 34.77; H, 8.03; N, 15.20; Cl, 19.15; 
Co, 10.35. 
Band 3. [Co(Me,CHO)sar)]3+. 
The third orange band citrate eluent was desalted on a Dowex 50W-X2 column 
and eluted with 4 M HCl solution. The eluate was evaporated to dryness and the complex 
was recrystallised by dissolving the solid in a small amount of water and addition of 
ethanol. Yield 0.179 g (17% ). The NMR spectra indicated that it was unreacted 
monoaldehyde cage. 
Band 4. 8-Ammonio-8'-methyl-1,1' -methyleneiminio-bis((3,6,10, 
13, 16, 19-hexaazabicyclo[ 6.6.6.]icosane )cobalt(llI)) Heptachloride 
Dodecahydrate, [Me-Co(sar )-CH2NH-Co(sar )-NH3]CI,· 12H20. 
The second fraction from the K2S04 chromatography was desalted on a Dowex 
50W-X2 column and eluted with 4 M HCl solution. The eluate was evaporated to 
dryness and the complex was recrystallised by dissolving the solid in a small amount of 1 
M HCl and adding methanol. The yellow solid was collected by filtration and washed 
with ethanol and diethyl ether. Yield 0.672 g (56%). lH NMR (ppm, dioxane at 3.7 
ppm) in D20: 8 0.86 (s, 3H, CH3); 8 2.1-3.0 (complex pattern, 48H, cage CH2); 8 5.38 
(s, NH). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: 8 20.13 (cap-CH3); 8 42.86 
(C-Me); 8 45.08 (CCH2NH); 8 47.85 (CCH2NH); o 52.09, 52.80, 53.62 (cap CH2); 8 
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55.38, 55.47, 55.55 (en and cap CH2), o 56.75 (CNH2); o 61.57 (CNH). UV/Vis 
(Amax (nm), EA,. (M-1cm-1)) in 0.1 M HCl: E246 = 40300; E470 = 391. Anal. Calcd. for 
Co2C30H6sN 14Cl6·HCl · 12H20: C, 29.82; H, 7.76; N, 16.23; Cl, 20.54; Co, 9.76. 
Found: C, 30.71; H, 7.29; N, 15.55; Cl, 20.96; Co, 9.30. 
Band 5. 8' ,8" -Dimethyl-1" ,l-methyleneimino-1 ',8-methylene-
imino-tris( (3,6, 10, 13, 16,19-hexaazabicyclo[ 6.6.6. ]icosane )cobalt(Ill)) 
Nonachloride Tetradecahydrate, 
[Me-Co(sar )-CH2NH-Co(sar )-NH CHrCo(sar )-Me] Cl9· l4 H20 
Fraction three from the K1S04 eluent was desalted on a Dowex 50W-X2 resin 
column, and the complex was eluted with 4 M HCl solution. The eluate was evaporated 
to dryness and the complex was recrystallised by dissolving the solid in a small amount 
of 1 M HCl and adding methanol. The orange solid was collected by filtration and 
washed with ethan·o1 and diethyl ether. Yield 0.199 g (12%). lH NMR (ppm, dioxane at 
3.7 ppm) in D20: o 0.85 (s, 6H, CH3); o 2.3-4.4 (complex pattern, 72H, cage CH2). 
13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20.14 (cap-CH3); o 42.85 (C-Me); o 
45.06 (CCH2NH); o 47.84 (CCH2NH); o 52.85, 53.76, 55.14 (cap CH2); o 55.45 (en 
and cap CH2), o 61.09 (CNH). UVNis (Amax (nm), EA. (M-lcm-1)) in 0.1 M HCl: £246 
= 50000; E470 = 511. Anal. Calcd. for Co3C46H102N20Cl9·HCl· 14H20: C, 32.12; H, 
7.68; N, 16.29; Cl, 20.61; Co, 10.28. Found: C, 32.64; H, 7.77; N, 15.49; Cl, 20.79; 
Co, 9.52. 
8.2.1.4 Reaction of [Co(Me,CHO)-sar]3+ and 1,4-Diaminobutane 
[Co(Me,CHO)-sar](CH3C02)3-3.5H20 (2 mmol, 1.197 g), 1,4-Diaminobutane 
( 1 mmol, 0.088 g) and acetic acid (0.15 g, 0.15 ml) were dissolved in absolute ethanol 
(30 ml). The solution was de-o..er~te!, with Nz gas for 30 min. While maintaining the 
nitrogen atmosphere, Zn powder (0.5 g) was added to the stirred solution. After the 
colour changed to green was complete the N2 flow was used to evaporate the solution to 
ca. 10 ml and the solution was stirred for 30 min before more ethanol (20 ml) and 
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anhydrous sodium sulphate (1.0 g) were added. After another 30 min stirring sodium 
cyanoborohydride (0.2 g) was added and the solution was stirred under the N1 blanket 
for a further 15 hours. Then the solid was filtered off and washed with water. In air, the 
light green filtrate changed to orange slowly, and air was bubbled through the solution to 
complete the colour change in a half hour. The orange solution was sorbed on a cation 
exchange resin column (SP-Sephadex C-25, Na+ form, 33 x 520). The resin was 
washed with water (500 ml) and three orange fractions were eluted with 0.05 M tri-
sodium citrate solution. 
Band 1. (1-Hydroxymethyl-8-methyl-3,6, 10, 13, 16,19-hexaaza-
bicyclo[ 6.6.6]icosane )cobalt(lll) Trichloride Trihydrate, 
[Co(Me,CH20H)-sar]Cl3•3H20. 
The first band was desalted on a Dowex 50W-X2 resin column and eluted with 4 
M HCl solution. The eluate was evaporated to dryness and the complex was 
recrystallised by dissolving the solid in a small amount of water and adding ethanol. 
Yield 0.257 g (23% ). The NMR spectra indicated that it was pure [Co(Me, CH20H)-
sar]Cl3. 
Band 2. (1-(6-Ammonio-2-azahexane)-8-methyl-3,6,10,13,16,19-
hexaazabicyclo[ 6.6.6]icosane )cobalt(III) Tetrachloride Trihydrate, 
[Me-Co(sar)-CH2NH(CH2)4NH3]Cl4·3H20. 
The second band was desalted on aDowex 50W-X2 resin column and eluted with 
4 M HCl solution. The eluate was evaporated to dryness and the complex was 
recrystallised by dissolving the solid in a small amount of 1 M HCl and adding 
methanol/diethyl ether solution. The orange solid was isolated via suction filtration and 
washed with diethyl ether and dried in air. Yield: 0.260 g (42%). 13C NMR (ppm, 
dioxane at 67.4 ppm) in D20: o 20.18 (cap-CH3); o 23.21, 24.68, (tail CH2); o 39.62 
(tail CH2NH); o 43.24 (C-Me); o 45.00 (CCH2NH); o 50.09 (NHCH2); o 50.97 
(cage-CH2NH); o 51.53 (tail cap CH2); o 55.18 (Me cap CH2); o 55.63, 55.77 (en 
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CH2). UVNis (A.max (nm), EA. (M-1cm-1)) in H20: E144 = 16604; E341 = 120; E470 = 
131. Anal. Calcd. for CoC20H46NsCl3·HCl· H20: C, 38.84; H, 7.99; N, 18.12; Cl, 
22.93. Found: C, 38.92; H, 8.31; N, 117.57; Cl, 22.44. 
Band 3. 8,8'-Dimethyl-1,1'-(2,7-diaza--1,8-octanediyl)-bis( (3,6, 
10,13,16,19-hexaazabicyclo[ 6.6.6]icosane) )cobalt(lll)) Hexachloride 
Hydrochloride Hexahydrate, 
[Me-Co(sar)-CH2NH(CH2)4NHCH2-Co(sar)-Me]Cl6•HCl·6H20. 
The last band was desalted on a Dowex 50W-X2 cofomn'and eluted with 4 M 
HCl solution. The eluate was evaporated to dryness and the complex was recrystallised 
by dissolving the solid in a small amount of 1 M HCl and adding ethanol solution. The 
orange solid was collected and washed with ethanol first and then diethyl ether and dried 
in air. Yield: 0.233 g (20%). lff NMR (ppm, dioxane at 3.7 ppm) in D20: 8 0.86 (s, 
6H, CH3); o 1.75 (broads, 4H, middle chain CH2); o 2.3-3.4 (complex pattern, 56H, 
CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 20.06 (cap-CH3); o 23.17 (tail 
CH2); o 43.13 (C-Me); o 44.91 (CCH2NH); o 49.95, 50.99 (cage-CH2NH and 
NHCH2)0 51.78, O 55.42, 55.55, 55.71 (cage CH2). UVNis (A.max (nm), EA. (M-lcm-
1) ) in H20: E1s2 = 35200; E342 = 243; E470 = 297. Anal. Calcd. for 
Co2C36HsoN 14Cl6·HCI·6H20: C, 36.51; H, 7.92; N, 16.56; Cl, 20.96. Found: C, 
36.98; H, 7.72; N, 15.85; Cl, 21.21. 
8.2.2 Interaction with DNA 
The interaction of the cobalt cage complexes and DNA were carried out in 
collaboration with Dr. Nicholas E. Dixon and Dr. Shadi Moghaddas in the Research 
School of Chemistry at the Australian National University. 
8.2.2.1 General 
Stock solutions for the electrophoresis (T AE), consisting of tris(hydroxymethyl)-
aminomethane (Tris, 0.04 M), acetic acid (0.02 M) and ethylenediaminetetraacetic acid 
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(EDTA, 0.001 M), were prepared in distilled water. Experiments were carried out at pH 
7.6 with deionised water in 30 mM Tris-HCI buffer (Buffer T). In addition some 
experiments were carried out containing 20, 50, or 200 mM NaCl in 30 mM Tris-HCI at 
pH 7 .6. The pH of buffer T was adjusted by addition of the appropriate quantities of 
1 M HCl. 
Covalently-closed circular plasmid pUC9 DNA (2665 base pairs) [14, 15] was 
prepared from a freshly transformed over production of Escherichia coli K12 strain at 
30°C.[1 l] The plasmid was cultured in casamino acid and minimal trace salts medium 
and treated with 0.3 gL-1 spectinomycin to increase plasmid yield. The plasmid DNA 
was then extracted and purified as previously described.[11] The DNA was finally 
dialysed once for 24 hours in 10 mM buffer T (pH 7.6) and 1 mM EDTA, and twice for 
24 hours t::ach in buffer T. DNA concentrations were determined spectrophotometrically 
at 260 nm. 
8.2.2.2 DNA Retardation Assays 
The metal complexes were incubated at 37 °C for 15 minutes with pUC9 at the 
desired concentration in buffer T. To all reaction mixtures (total volume 25 µL) 5 µL of 
0.2% bromophenol blue - 50% glycerol stain (bpb/glyc), were added immediately prior to 
loading onto 1 % agarose gel. Gel electrophoresis was carried out at25 V for 16 hours in 
TAB (40 mM). The gel was stained in TAB containing ethidium bromide (2 µL) for 
1 hour and then destained in TAB for 6 to 12 hours. Finally, the gels were 
photographed with transmitted short-wavelength UV light using Polaroid type 55 
positive/negative film. Photographs are presented as the negative image. 
8. 2. 2. 3 Photocleavage Assays 
The metal complexes (20 µM) were incubated with pUC9 (32.6 µMin base 
pairs; 430 ng per lane) in Buffer Tat 37 °C for 15 minutes. The 25 µL reaction mixture 
was transferred to a quartz vial in an aluminium housing and placed on a transilluminator 
equipped with four tubes which produce peak wavelengths in the UV region at 254, 302, 
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or 365 nm (peak intensity of 7.0 mW cm-2). The samples were then irradiated for two 
minutes at the desired wavelength. After irradiation the reaction mixture was treated with 
ethidium bromide (5 µL, 20 µg mL-1) and incubated at 37 °C for 30 minutes in the 
absence of light. Bpb/glyc (5 µL) was added to all reaction mixtures. The total volume 
(25 µL) was loaded onto 1 % agarose containing ethidium bromide (0.5 µg mL-1). Gel 
electrophoresis was carried out at 25 V for 16 hours in TAE and then photographed with 
transmitted short-wavelength UV light using Polaroid type 55 positive/negative film. 
8. 3 Results and Discussions 
8.3.1 
8.3.1.1 
Synthesis 
Closely Linked Cages 
Linear dimeric and trimeric cage complexes 1 and 2 have been synthesised by the 
approach described in.Scheme 8.1. They are composed of two different types of cage, 
[Co(NH2h-sar)]3+ and [Co(Me,CHO)-sar]3+, linked by methyl amino bridge(s). The 
first step involves a condensation reaction of a cage primary amine and a cage aldehyde. 
Some [Co(NH2h-sar)]3+ condensed with two aldehyde cages to form an imine linked 
trimer and some [Co(NH2)i-sar]3+ condensed only with one molecule of [Co(Me,CHO)-
sar]3+ to form the imine linked dimer. The second step was the reduction of the imines 
by the NaBH3CN in ethanol solution. Although there was still some starting material 
left, the reactions were quite clean. The unreacted monomer cages, the dimer and the 
trimer were readily separated and isolated by cation exchange chromatography and they 
comprised the total products. 
The behaviour of both the dimer and trimer on the ion exchange resins was very 
similar to that of the monomeric cages even though their overall charges are much higher. 
This implies that the charge density is the critical factor in binding and the localised 
electrostatic binding energies are much the same as those of the monomers. They are 
very stable and soluble in water and are analogous in this sense to the typical saturated 
cobalt cages when the cobalt(III) ions are encapsulated by monomeric hexaaza-
bicycloicosane type cryptand ligands. 
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Scheme 8.1 Synthesis of Dimer 1 and Trimer 2. 
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8.3.1.2 Dimeric Cages with Long Links 
The condensation of [Co(Me,CHO)sar]3+ with 1,4-diaminobutane was carried out 
in a similar manner to that for the more closely linked cages. The synthesis scheme is 
given in Scheme 8.2. The 1,4-diaminobutane molecule has two amine groups and 
formed two imino bridges when it condensed with two [Co(Me,CHO)_sar]3+ cages. The 
reduced dimer A has a long bridge containing eight atoms which means that the two 
metals are separated by ca. 17 A (assume the bonding length is 1.5 A). The isolated 
monomeric cage B has one long tail and has modest surfactant properties, and foams 
readily in water. 
in EtOH 
A 
Scheme 8.2. Synthesis of Long-linked Dimeric Cage A. 
8.3.2 
8.3.2.1 
NMR Spectra of Dimeric and Trimeric Cage Complexes 
Closely Linked Cages 
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For the dimeric cage 1, the lH NMR spectrum (Figure 8.1, top) shows a single 
signal for the methyl group resonance at 0.85 ppm. The cage methylene proton 
resonances are complicated between 2.3 to 3.6 ppm. The 13C NMR spectrum (Figure 
8.3, bottom) is more useful to identify molecule. The APT (D2 = 0.007) spectrum 
shows clearly a methyl signal at 20.23 ppm. The four quaternary carbon resonances are 
assigned by the APT (D2 = 0.004) spectrum at 43.19, 47.47, 56.99 and 62.07 ppm 
individually. The peak at 45.30 ppm has been assigned to be the methylene carbon signal 
attached to the amine bridge. The remaining signals are assigned to the methylene carbon 
resonances. 
Both 1 H and 13C NMR spectra of the trimeric cage 2 show a higher symmetry 
spectrum than that of the dimeric cage 1. The lH NMR spectrum (Figure 8.2, top) 
shows a singlet at 0.85 ppm assigned to the methyl group protons. Other signals 
between 2.3 and 3.4 ppm are complicated and it is not easy to assign them usirig a ID 
spectrum. However, now the 13C NMR spectrum (Figure 8.2, bottom) shows only three 
quaternary carbon signals at 42.96, 47.94 and 61.19 ppm which are assigned by the APT 
spectrum (D2 = 0.004). There is no longer a signal at 56.99 ppm which was assigned to 
the quaternary carbon of the unlinked amine cap in the dimeric cage. The APT spectra 
(D2 = 0.004) are very useful for assigning the signals of these monomeric and oligomeric 
cage complexes. The monomeric cages show one quaternary carbon signal for the D3 
symmetric [Co(NH2h-sar]3+ ion and two for the C3 symmetric [Co(Me,CHO)-sar]3+ 
ion. The dimeric cage therefore shows four and the trimeric cage three quaternary carbon 
signals. 
Both 1 H and l 3C NMR spectra of the oligomeric cages 1 and 2 showed that the 
component monomers of both dimer and trimer retain the essential axial C3 symmetry of 
the monomeric cages, but the overall symmetry is less for the dimer due to the difference 
in the monomeric components. Also, Li and A configurations were present in the 
synthetic mixtures for cages 1 and 2, and the configurations M, M, M, AA for the 
dimer and LiLiLi, LiLiA, LiAA, AAA, AM for the trimer must be present, but these 
remain unresolved at this field strength. 
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Figure 8.1. NMR Spectra of Dimeric Cage 1 in D20. Top: 300 MHz lH Spectrum; 
Bottom: 75 MHz 13C Spectrum (APT, D2 = 0.007). 
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8.3.2.2 Long Distance Linked Cages 
The 13C NMR spectrum (Figure 8.3) of B consists of twelve signals. The signal 
at 20.18 ppm was assigned to the methyl carbon atom. Two similar intensity peaks at 
high field, 23.21 and 24.68 ppm, have been assigned to the carbon linked methylene 
carbon atoms. The other three amine linked methylene _c_arbon resonances have been 
assigned at 39.62, 50.09 and 50.97 ppm. An APT spectrum confirmed the assignment 
of the peaks at 43.24 and 45.00 ppm to be the quaternary carbon atoms. The remaining 
four relatively intense signals at 51.53, 55.18, 55.63 and 55.77 ppm have been assigned 
to the methylene carbons of the cage. 
The lH NMR spectrum of A, Figure 8.4 (top), shows a sharp singlet at 0.86 and 
a broad singlet at 1.74 ppm and these have been assigned to the methyl and carbon linked 
methylene protons respectively. The amine linked methylene protons were assigned to 
the signal at 3.04 ppm by a HETCOR spectrum, Figure 8.5. The 13C NMR spectrum 
(Figure 8.4, bottom) consists of signals at 20.06, 23.17, 43.13, 44.91, 49.95, 50.99, 
51.78, 55.42, 55.55 and 55.71 ppm. The signal at 20.06 ppm is obviously due to the 
methyl group. A similar intensity peak at 23.17 ppm has been assigned to the carbon 
linked methylene carbons and the amine linked methylene carbon resonances were 
assigned to the signals at 49.95 and 50.99 ppm. Two signals at 43.13 and 44.91 ppm 
were assigned by the APT spectrum (D2 = 0.004) to the quaternary carbon atoms. The 
remaining signals were assigned to the methylene carbon atoms of the cage. 
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Figure 8.5. HETCOR Spectrum of Dimeric Cage A. 
8.3.3 Electrospray Ionization Mass Spectrometry 
All of the polymeric cage complexes have been characterised by ESMS spectra. 
The spectra are given in Figures 8.6, 8.7, 8.8 and 8.9. The assignments are given with 
the individual spectra. The most abundant signals are generally associated with the 
deprotonated cage complexes. Although the polymeric cage ions are stable under the 
conditions of the measurements, the nitrogen protons are readily stripped off. Solvent 
attached and anion attached cage ions were also found in the spectra in most cases. There 
was no evidence that the cage ions undergo redox reactions in the ESMS process. 
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Figure 8.6. ESMS Spectrum of Dimer 1 in 50 : 50 Methanol Water Solution. Cone 
Voltage: 60 V. Cale. rn/z in Brackets. 
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8.3.4 Electronic Spectroscopy 
The long distance linked dimeric cage complex shows similar electronic spectral 
properties to the monomeric cages, and the spectrumis depicted in Figure 8.10. The only 
obvious difference is that the molar absorption coefficient of the dimer is doubled 
compared with that of the monomer, and this is more clearly indicated in Table 8.1. 
Clearly the coupled long distance linked cage is not strongly coupled electronically, and 
this is not surprising since the electronic spectral properties of the monomeric cages are 
normally not affected by apical substituents. 
Electronic spectra of both the dimer 1 and trimer 2, Figure 8.11, show weak 
ligand field bands at 470 nm and weak shoulder bands around 340 nm which are 
-
consistent with those of monomeric cages. However, the bands at ca. 340 nm are 
significantly overlap with the strong charge transfer band at high energy. The molar 
absorption coefficient of the dimer and trimer at ca. 340 nm is not just doubled and tripled 
compared with that of the monomer as does the long distance linked cage, but at least 
three and four times more intense than that of the monomers respectively. Therefore, in 
presertt 
the closely linked cages 1 and 2, there are at least some coupl~n terms of electronic. 
308 
0.2 
Q) 0.15 
(.) 
c: 
as 
-8 
0 
en 0.1 
..0 
<( 
0.05 
0 
Chapter Eight 
--{[Co(Me,CH)sar]NH(CH) 4N HJC13 
········· {[Co(Me,CH)sar]NH(CH) 4N H[Co(CH2,Me )sar]}Cl6 
-·· ..
I I 
I I 
. . 
I I 
I 
I 
I 
. 
. 
. 
·-,· I 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
I I 
. . 
. . 
0 I 
. 
. 
. 
I 
······-----···-- ...... .. 
300 350 400 450 500 550 600 650 700 
A. (nm) 
Figure 8.10. Electronic Spectra of Monomeric Cage [Co(Me,CH2NH(CH2)4NH2)-
sar]Cl3 and Dimeric Cage [Co(Me~CH2)sar-NH(CH2)4NH2-Co(CH2,Me)sar]Cl6 in 0.1 
MHCl. 
Figure 8.11. UV-Vis Spectral Comparisons of Dimer, [Co(CH3,CH 2)sar-
Co(NH,NH2)sar]Cl6·HCl and Trimer, [Co(CH3,CH2)sar-Co(NH,NH)sar-
Co(CH2,CH3)sar]Cl9·HCl with Monomer, [Co(NH2)3-sar]Cls and [Co(CH3,CHO)-
sar]Cl3 in 0.1 M HCl (25°C, 5.0 x 1Q-4 M). 
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Table 8.1. UV-Visible Spectral Data of Monomeric and Oligomeric Cage Complexes. 
Chloride Salts (5.0 x 10-4 M) in 0.1 M HCl at 25°C. A.max in nm, E in M-1cm-1. 
Amax (E) 
Complexes 1A111: ..-. 1T111: # lA111: ..-. lT211: # charge transfer 
[Co(NH2h-sar)]3+ 476 (169) 346 (149) . 232 (16830) 
[Co(CH3,CHO)-sar]3+ 468 (152) 342 (138) 242 (18760) 
[Co(CH3,CH2)sar- 470 (319) shoulder 246 (40300) 
Co(NH,NH2)sar ]6+ 
[Co(CH3,CH2)sar- 470 (511) shoulder , -~ I 246 (50000) 
Co(NH,NH)sar-
. 
Co(CH2,CH3)sar]9+ 
[Co(Me,CH2NH(CH2)~H2) 470 (131) 341 (120) 244 (16604) 
-sar]3+ 
[Co(Me,CH2)sar-NH(CH2 )4 470 (297) 342 (243) 244 (35200) 
NH-Co(CH2,Me )sar ]6+ 
#The assignments of electronic configuration of monomeric cages are according to ref. [8] 
8.3.5 Electrochemistry 
Most of the cobalt monomeric smaller cavity cage complexes have reversible 
(IIl)/(II) cyclic voltammograms which means that the electron transfer between the ions 
and the electrode is relatively fast and any structural change accompanying the electron 
transfer reaction is very fast and chemically reversible. The new monomeric aldehyde 
substituted cage has similar properties and its CV is depicted in Figure 8.12. 
The CV (Figure 8.13) of the closely linked dimer 1 shows two fairly well 
separated one electron redox processes, one reversible at - 0.663 V and another quasi-
reversible at - 0.438 V. The first process has the same reduction potential as that of the 
monomeric cage [Co(CH3,CHO)sar]3+, but the second one is somewhat different from 
that of the monomeric cage [Co(NH2)z-sar)]3+. The two processes appear to be 
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contributed by the two individual cages and are not strongly coupled. If two individual 
cages are the same, then the CV usually shows only one redox process such as the 
example given in Figure 8.14. 
The electrochemical behaviour of the closely linked trimer cage complex, 
however, is significantly different. The cyclic voltammetry of the ~losely link~d trimer 
cage 2, Figure 8.15, shows only one single quasi-reversible step at - 0.649 V which are 
overlaid by three individual monomeric cage processes and the trimer undergoes at least 
partially coupled one-electron transfers by the three component cages. This was 
confirmed by a bulk electrolysis under the same conditions. Clearly this cQupling could 
be extended even further. These molecules are potentially important multiple electron 
transfer agents anq can carry two and three electrons at a similar potential. 
In the synthesis of the long distance linked cage, one monomeric cage with a long 
tail was isolated and its essentially reversible cyclic voltammetry is shown in Figure 8.16. 
The long distance linked dimer cage complex gives a similar CV (Figure 8.17) except that 
is involves a two-electron transfer. A summary of the electrochemical data for the 
oligomeric and related monomeric cage Co2+/3+ couples is presented in Table 8.2. 
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Figure 8.12. Cyclic Voltammetry of the Co3+/2+ Couple for Monoaldehyde 
Substituted Cage [Co(CH3,CHO)-sar]3+ in 0.1 M NaCl at 25°C with an EPG Working 
Electrode (scan rate of 100 mVs-1). 
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Figure 8.13. Cyclic Voltammetry of the Co3+/2+ Couple for Dimeric Cage 1 in 0.1 M 
NaCl at 25°C with an EPG Working Electrode (scan rate of 10 mV s-1). 
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Figure 8.14. CV of the Co3+/2+ Couple for Dimeric Cage [Co(Me,NH)sar-CO-
Co(NH,Me)sar]6+ in 0.1 M NaCl at 25°C (EPG working electrode; scan rate: 20 mV s-1). 
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Figure 8.15. Cyclic Voltammetry of the Co3+/2+ Couple for Trimeric Cage 2 in 0.1 M 
NaCl at 25°C with an EPG Working Electrode (scan rate of 20 mV s-1). 
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Figure 8.16. CV of Monomeric Cage [Co(Me,CH2NH(CH2)4NH2)-sarp+12+ in 0.1 
M NaCl at 25°C with an EPG Working Electrode (scan rate of 100 mV s-1). 
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Figure 8.17. CV of Dimeric Cage [Co(Me,CH2)sar)-NH(CH2)4N H-
Co(CH2,Me)sar]6+/4+ Couple in 0.1 M NaCl at 25°C with an EPG Working Electrode 
(scan rate of 100 mV/s). 
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Table 8.2. Electrochemical Data for the Co(III/II) Couples of the Monomeric and 
Polymeric Cage Complexes vs SCE.a · 
redox coupleb .L\E (mV) E112(V) 
[Co(CH3,CHO)-sar]3+!2+ c 102 - 0.655 
[Co(NH2)z-sar]3+12+ ct 134 - 0.262 
[Co(Me,CH2)sar-Co(NH,NH2)sar]6+/4+ e 129 - 0.438 
76 - 0.663 
[Co(Me,CH2)sar-Co(NH,NH)sar-Co(CH2,Me )sar ]9+/6+ f 91 - 0.649 
[Co(Me,CH2NH(CH2)4NH2)-sar)]3+t2+ c 75 - 0.600 
[Co(Me,CH2)sar-NH(CH2)4NH-Co(CH2,Me)sar)]6+t4+ c 74 :. 0.600 
[Co(Me,NH)sar-CO-Co(NH,Me )sar]6+t4+ f 70 - 0.610 
a Measured at 25°C; aqueous NaCl(µ= 0.1) as supporting electrolyte; EPG as working 
electrode. 
b Chloride salts used throughout; concentration of - 10-3 M. 
c Scan rate 100 m V /s. 
ct Scan rate 50 m V /s. 
e Scan rate 10 mV/s. 
f Scan rate 20 m V /s; sample supplied by A.M. Sargeson. 
8.3.6 
8.3.6.1 
Polymeric Cage Complex Ion-DNA Interactions 
Introduction 
A study of the interactions between plasmid DNA and Co(Ill) cage complexes[9] 
has been carried out and the DNA retardation assays (electrophoresis on agarose gels) 
were used to determine the existence and type of interactions. The complexes were also 
examined for their ability to act as photochemical DNA cleaving agents. The structures of 
the complexes used in this section are given in Appendix 8.1. 
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8.3.6.2 DNA Retardation Assays 
Figure 8.18, ( 1) shows the results of metal ion-DNA interactions with no 
ethidium bromide present. Firstly, the apically substituted anthracene and anthraquinone 
3+ cages, columns 2 and 7 show the greatest .reduction in DNA mobility which is 
consistent with intercalative binding. Secondly, column_ l () shows th~t the dimer cage 
(6+) reduces theDNA mobility and also gave rise to DNAbartding, and column 11 trimer 
cage (9+) shows streaking. Thirdly, column 3 shows a significant streaking of the DNA 
and columns 4, 5 and. 9 show. some. reduction .Qf DNA mo:b,ility. Ji<'ourthly, some cages 
(3+ ), columns 6, 8, 12 and 13 show no reduction. 
The Figure 8.18, (2) shows the DNA gel mobility in the presence of cage 
complexes and ethidium bromide. Except for column 2, 9 arid 10 there is little reduction 
in DNA mobility and column 11 shows some streaking and precipitation of DNA. The 
other cage complexes show no significant reduction of the DNA mobility. The ethidium 
( 1 +) intercalates with ONA with a binding c9nstant of 3 x 106 M-1 and it does not reduce 
the mobility of DNA in agarose gels.[lOJ The electrostatic binding constants of the 
polymeric cage complexes, therefore, must be lowerthan this. 
316 Chapter Eight 
Figure 8.18. Gel Electrophoresis of DNA (20 µM) in the Presence of Co(III) Cage 
Complexes (13 µM) at 37°C in 30 mM Tris-HCI buffer (pH 7.6) after Incubation for 15 
Minutes: (1): no ethidium bromide present. (2): 5 x lQ-4 M ethidium bromide. 1: DNA 
only; 2: (1); 3: (2); 4: (3); 5: (4); 6: (5); 7: (6); 8: (7); 9: (8); 10: dimer 1; 11: trimer 2; 
12: (11); 13: (12). 
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8.3.6.3 Photochemical Cleavage of DNA 
Photochemical cleavage of DNA following irradiation at 254, 302, and 365 nm of 
the dimer 1 and trimer 2 complexes was examined in detail. The results, included with 
those of other monomeric cages, are given in Figure 8.19. At the high energy 
wavelength (254 nm), column 6, 8 and 13 show that all .~!J.~· covalently closed circular 
DNA (form I) has been converted to the nicked circular DNA (form II). The polymeric 
cage complexes (column 11and12) show this conversion to some degree, and also show 
smearing and banding, and the 5+ monomeric cage (column 10) shows a similar effect. 
When the irradiation energy was reduced, the cleavage of DNA caused by the cage 
complexes was less. At 365 nm only columns 8 and 13 show some activity. The dimer 
(column 11) only shows some streaking and the trimer (column 12) shows significant 
streaking of the DNA. 
The charge transfer and ligand field bands are well separated in these complexes, 
which facilitates the generation ofexcited states of different natures, either LMCT or LF, 
at different wave lengths. These photo-reactions do not require 0 2 nor are reactive 
intermediates involved. Cleavage appears to follow photoreduction of the Co(Ill) to 
Co(II),[12, 13] with the formation of a nitrogen-centred radical cation. This results in 
hydrogen atom abstraction from the deoxyribose moieties leading to DNA damage. In 
this respect tight binding of the multiply charged dimer-and trimer is effective but it is 
probably not so selective. 
- 318 Chapter Eight 
Figure 8.19. Wavelength Dependence of the Photocleavage of DNA by Co(Ill) Cage 
Complexes (20 µM complex with DNA irradiation with light). 1: DNA only; 2: DNA in 
the presence of light; 3: (1); 4: (2); 5: (3); 6: (4); 7: (5); 8: (6); 9: (7); 10: (8); 11: 
dimer 1; 12: trimer 2; 13: (11); 14: (12). 
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8. 4 Conclusions 
Two series of polymeric cage complexes have been synthesised by reductive 
alkylation of a formyl cage and a amine molecules (a cage complex or a normal organic 
molecule). The reactions were simple, straight forward and efficient. The polymeric 
cage systems have similar properties to the component mo_nomers on the ion exchange 
resin column. They also show similar stability and solubility properties to those of the 
monomers. Furthermore the electronic spectral properties of the polymeric cage 
compounds are essentially the same as the monomers, with a progressive increase in 
molar absorption coefficient from monomer to dimer and to trimer. However, some 
electronic coupling were observed in the closely linked dimeric and trimeric complexes at 
high energy field, but not in the long distance linked dimer. -
The component dimeric cage complexes with both the same and different 
components mirrored the redox chemistry of their parents. The closely linked trimer cage 
complex, however, showed some evidence for electrostatic coupling between the 
I 
component cages and a new reduction potential formed. 
Both the dimer 1 and trimer 2 cage compounds have been tested for reaction with 
DNA. The results indicate that these kinds of molecules interact with DNA largely by 
electrostatic binding. They were also found, via a mechanism involving LMCT and 
formation of a ligand radical, to photochemically cleave DNA. 
8. 5 Further Work 
The construction of star shaped assemblies and dendritic type molecules would be 
an interesting extension of this study. For example the assembly of trimer and tetramer 
multiple electron transfer agents, using the formyl substituted [Co(sar)]3+ monomers, and 
readily available trimines, tetraamines and cycloalkyl polyamines, could lead to new 
efficient ways of mediating multiple electron redox reaction, both chemically and 
photochemically. 
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CHAPTER 
Highly Charged Lipophilic Cages with Paraffin Tails 
9. 1 Introduction 
As mentioned in Chapter One, the synthesis of paraffin tail substituted cobalt (III) 
sarcophagine (sar) type cages is important because of potential biological activity arising 
from the paraffin tail penetration of biological membranes. The surfactant-like cage 
molecules are unusual because of their redox and chromophoric, chiral properties, and in 
particular their high charges (normally 3+) and the relatively large size of the head group 
are expected to contribute to interesting new surfactant properties. This chapter details a 
series of new cationic surfactants which have higher charges ( 4+ and 5+) and the size of 
the head group is also somewhat larger than that of previous cage complex surfactants. 
9. 2 Experimental 
9.2.1 Synthesis 
9 .2 .2.1 (8-Ammonio-l-decylammonio-3,6,10,13,l6,19-hexaaza-
bicyclo[ 6.6.6]-icosane )cobalt(Ill) Pentachloride Trihydrate, 
[Co(NH3,NH2(CH2)9CH3)-sar]Cls·3H20 
To a N1-degassed solution of [Co{(NH3)isar}](CH3C02h·H20 (20 g) in AR 
ethanol (600 ml}, decanal (11 g), acetic acid (2 g) and zinc powder (2.2 g) were added 
with vigorous stirring. The colour of the solution turned to green and NaBH3CN (1.4 g) 
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and some dried 3A molecular sieves were added. Under a N2-blanket, stirring was 
continued for 1 hour and then the solution was filtered and air was bubbled through until 
it turned orange. The oxidised solution was evaporated to dryness and the residue was 
suspended in water (400 ml). The solution was sorbed on a cation exchange resin 
column (SP-Sephadex C-25, H+ form) and the unreacted complexes and monoalkylated 
- -- ~ -· -
complex were eluted with 2 M CH3C02Na. The eluate was diluted with water and 
sorbed on a Dowex 50W-X2 (H+ form). The column was washed with IM HCl (1 L) to 
remove sodium ion, ethanol (0.5 L) to remove unreacted decanol, water to remove 
ethanol, 5 M HCl (0.5 L) to remove unreacted complexes and at lastJ:l ~thanol 12 M 
HCl solution to elute monoalkylated complex. The eluate was evaporated to dryness and 
the complex was recrystallised from water by adding ethanol. Yield 4.0 g (15%). lH 
NMR (ppm, DMSO-d6 at 2.49 ppm) in DMSO-d6: o 0.83 (t, 3H, J 6.5 Hz, CH3); o 
1.22 (s, 16 H, tail CH2); o 1.57 (broad s, 2 H, tail N-CH2); o 2.6 - 3.5 (complex 
patterns, 24 H, cage CH2); o 8.83 (broads, 6H, cage NH). 13C NMR (ppm, DMSO-d6 
at 39.6 ppm) in DMSO-d6: o 14.18 (tail CH3); o 22.29, 26.13, 28.52, 28.88, 29.02, 
29.09 (tail CH2); o 41.77 (tail NCH2); o 48.15 (tail cap CH2); o 50.04 (cap CH2); 8 
54.72 (en CH2); 8 57.06 (qC); O 61.75 (tail cap qC). UVNis (Amax (nm), EA. (M-1cm-1) 
) in 0.1 M HCl: £237 = 14984; £342 = 160; £474 = 156. E0 (V, vs SCE) in 0.1 M (1:1 
HCl NaCl): -0.246 (pH = 1.5) , and -0.557 (pH = 7J. Anal Calcd for 
CoC24Hs6NsCls·3H20: C, 38.59; H, 8.37; N, 15.00. Found: C, 38.29; H, 8.56; N, 
14.30. 
9.2.2.2 (1,8-Bis(decylammonio)-3,6,10,13,16,19-hexaazabicyclo-
[ 6.6.6]icosane )cobalt(Ill) Pentachloride Pentahydrate, 
[Co(NH2(CH2)9CH3)i·sar]Cls·SH20 
The complexes remaining on the SP-Sephadex C-25 column from the previous 
synthesis were then eluted with 2 M sodium acetate solution (1: 1 water ethanol). The 
eluate was desalted on a Dowex 50W-X2 column and the complexes were eluted with 1: 1 
12 M HCl ethanol solution. The eluate was evaporated to dryness and the orange solids 
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were dissolved in 1: 1 ethanol acetone solution. The solution was sorbed onto a silica 
column (Silica Gel 60, 55 x 500) wetted with acetone. The complexes were eluted with 
30:70 acetic acid acetone solution. Six bands separated and they were collected 
respectively and evaporated to dryness to form orange solids or oils. All bands were 
mixtures except the main band, 4, which was a pure comp?~nd as indic_ated by the NMR 
spectra. The oily sample was finally evaporated to dryness in a vacuum oven at 50°C. 
Yield: 7.9 g (25%). lH NMR (ppm, DMSO-d6 at 2.49 ppm) in DMSO-d6: o 0.83 (t, 
6H, J 6.5 Hz, CH3); o 1.22 (s, 32 H, tail CH2); o 1.56 (broad s, 4 H, tail N-CH2); o 
2.7 - 3.6 (complex patterns, 24 H, cage CH2); o 8.78 (broad s,. 6H, cage NH). 13C 
NMR (ppm, DMSO-d6 at 39.6 ppm) in DMSO-~: o 14.18 (tail CH3); o 22.31, 26.16, 
26.27, 28.51, 28.91, 29.05, 29.11, 31.51 (tail CH2); o 41.94 (tail NCH2); o 48.33 (cap 
CH2); O 54.58 (en CH2); o 61.79 (qC). UV/Vis (Amax (nm),~). (M-lcm-1)) in 0.1 M 
HCl: E236 = 17070; e344 = 245; e474 = 235. E0 (V, vs SCE) in 0.1 M (HCl + NaCl): 
-0.251 (pH= l.5).and-0.556 (pH= 7). Anal Calcd for CoC34H74NsCl3·1.5HC1·5H20: 
C, 45.20; H, 9.87; N, 12.40; Cl, 17.66. Found: C, 45.25; H, 9.87; N, 12.21; Cl, 
17.50. 
9 .2. 2. 3 (1-Decylmethylammonio-8-dimethylammonio-3,6,10,13,16, 
19-hexaazabicyclo[ 6.6.6]icosane )cobalt(III) Penfachloride Pentahydrate, 
[Co(HNMe2,HNMe(CH2)9CH3)-sar]Cls·SH20 
The synthesis of [Co(NMe2,NMe(CH2)9CH3)-sar]Cl3·2HC1·5H20 was carried 
out by the Clarke-Eschweiler reaction. To a solution of [Co(NH3,NH2(CH2)9CH3)-
sar]Cl5·3H20 (0.005 mol, 3.92 g) in water (10 ml), formic acid (0.0625 mol, 2.36 ml) 
and aqueous formaldehyde solution (36.5%, 0.0275 mol, 2.23 ml) were added. After 30 
min stirring, the solution was refluxed for 48 hours in an oil bath at 105°C. On cooling to 
ca. 20°C, the orange solution was diluted with water to 3 L and sorbed on Dowex 50W -
X2 (H+ form, 50 x 130). The column was washed with water and 1 M HCl and 6 M 
HCl, and the complex was eluted with 1:1 12 M HCl ethanol solution. The eluate was 
evaporated to dryness. Yield 3.90 g (94 %). lH NMR (ppm, dioxane at 3.70 ppm) in 
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D20: o 0.81 (t, 3H, CH3); o 1.23 (s, 16 H, tail CH2); o 1.72 (broad s, 2 H, tail N-
CH2); o 2.9 - 4.0 (complex patterns, 33 H, NCH3 and cage CH2); 8 8.01 (broads, 6H, 
cage NH). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: 8 14.54 (tail CH3); 8 23.19, 
25.88, 26.87, 29.50, 29.75, 29.97, 32.42 (tail CH2); o 36.89 (tail NCH3); 8 40.08 
(NCH3); 8 48.87 (cap CH2); 8 49.03 (tail cap CH2); 8 51.65 (en~CH2); 8 54.01 (tail 
NCH2); o 65.68 (tail cap qC); o 66.57 (cap qC). UVNis (Amax (nm), EA. (M-lcm-1)) in 
0.1 M HCl: £234 = 18160; £333 = 170; £454 = 121. E0 (V, vs SCE) in 0.1 M (HCl + 
NaCl): -0.245 (pH = 1.5) and -0.559 (pH= 7). Anal Calcd for CoC21H62NsCls-5H20: 
C, 39.30; H, 8.79; N, 13.58; Cl, 21.48. Found: C, 40.22; H, 9.13; N; 13.35; Cl, 
21.41. 
9.2.2.4 ( 1-Decylmetbylammonio-8-trimethylammonio-3,6, 10, 13, 16, 
19-hexaazabicyclo[6.6.6]icosane)cobalt(Ill) Pentachloride Heptahydrate, 
[ Co(NMe3,HNMe( CH2)9C H3)-sar ]Cls·7H20 
and (1-Decyldimethylammonio-8-trimethylammonio-3,6,10,13,16,19-
l hexaazabicyd.0[6~<1 •01:.u . III) Pentacbloride Decahydrate, 
[Co(NMe3,NMe2(CH2)9CH3)-sar]Cls·lOH20 
To a solution of [Co(NMe2,NMe(CH2)9CH3)-sar]Cl3·2HC1·5H20 (0.002 mol, 
1.64 g) in dimethyl sulphoxide (200 ml), iodomethane (4 ml) was added. The mixture 
was stirred for 20 hours at 35°C. The solution was diluted with water to 1 L and sorbed 
on a Dowex 50W-X2 (H+ form) column. The column was washed with water, 1 M HCl 
and 6 M HCl, and the complexes were eluted with a 1:112 M HCl ethanol solution. The 
eluate was evaporated to dryness and redissolved in water (1 L) and the solution was 
sorbed on a cation exchange resin column (SP-Sephadex C-25, Na+ form, 35 x 520). 
The column was washed with water and eluted with 1 M CH3C02Na. Two bands 
separated. 
The first yellow fraction was desalted on a Dowex 50W-X2 resin column and 
eluted with 1:1 12 M HCl ethanol solution. Yield 0.453 g (26%). lH NMR (ppm, 
dioxane at 3.70 ppm) in D20: o 0.80 (t, 3H, CH3); 8 1.22, 1.29 (ss, 16 H, tail CH2); o 
i 
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1.70 (broads, 2 H, tail N-CH2); o 2.8 - 3.8 (complex patteflls, 36 H, NCH3 and cage 
CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 14.27 (tail CH3); o 22.90, 
25.86, 26.61, 28.99, 29.29, 29.44, 32.02 (tailC1:I2); o 36.49 (tailNCH3); o 47.96 (cap 
CH2); o 49.05 (tail cap CH2); o 53.83 (tail NCH2); .o ql.25 {~n CH2); o 51.40 
(NCH3); o 66.23 (tail cap qC); o 72.47 (cap qC). UVNis (Amax (nm), EA. (M-l~m-1)) 
in 0.1 M HCl: £234 = 18598; £32g = 183; £446 = 132. Ffl (V, vs SCE) in 0.1 M (HCl + 
NaCl): -0;261 (pH = 1.5) and -0.421 (pH = 7). Anal Calcd for 
CoC2sH63NsCl4·HC1·7H20: C, 38.43; H, 8.98; N, 12.80; Cl, 20.25; Co, 6.73. Found: 
C, 38.24; H, 8.69; N, 12.32; Cl, 20.47; Co, 6.92. · 
The second orange fraction was .desalted on Dowex .50W-X2 resin column and 
eluted with 1:1 12 M HCl ethanol solution. Yield 1.191-g (63%). lff NMR (ppm, 
dioxane at 3.70 ppm) in D20: O 0.81 (t, 3H, CH3); O 1.22, 1.31 (ss, 16 H, tail CH2); O 
1.73 (broads, 2 H, tail N-CH2); O 3.1-3.9 (complex patterns, 39 H, NCH3 and cage 
CH2). 13C NMR (ppm, dioxane at 67.4 ppm) in D20: o 14.29 (tail CH3); o 22.91, 
26.26, 29;01, 29;29, 29.44, 32.02 (tail CH2); o 46.61, 47.00 (tail cap NCH3); o 47.87 
' (cap CH2); o 51.28 (en CH2); o 51.40 (cap NCH3); o 62.35 (tail NCH2); o 72.50 (cap 
qC); o 74.21 (~ail,cap qC). UVNis (AJI\ax (nm), EA. (M·1cm-1)) in 0.1 M HCl: £232 = 
18640,; £326 = 130; £444 = 107. UVNis (Amax (p.m), .EA, JM:1cm-1) ) in water:. £232 = 
18860;. £326 = 162; £442 =100. Ffl (V, vs SCE) in 0.1 M (HCl +NaCl): -0.279 (pH= 
1.5), -0.267 and -0.417 (pH = 1.5) and -0.557 (pH = 7). Anal Calcd for 
CoC29H66NsCl5·lOH20: C, 36.93; H, 9.19; N, 11.88; Cl, 18.79; Co, 6.25. Found: C, 
37.27; H, 9.09; N, 11.81; Cl, 18.94; Co, 6.85. 
9. 2. 2 Biological Activity 
The [Co(NMe3,NMe(CH2)9CH3)-sar} ]4+ complex was tested in vitro against 
cetodes by Dr. Carolyn A. Behm (Division of Biochemistry and Molecular Biology, 
School of Life Science, The Australian National University) using methods described 
previously. [1] 
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9. 3 Results and Discussion 
9.3.1 Synthesis 
9. 3 .1.1 Paraffin Tail Cages with 3+ Charge 
The starting material (1) was synthesised by the route depicted in Scheme 9.1. In 
addition to a single tail cage (1) a double tail compound (2) was also isolateq. Some 
triple and quadruple tail species (3) and (4) were also evident from the separation of the 
reaction mixture, but they were not pure and were not separated or characterised further. 
These multiple tail cages may function very differently from the mono-tail cage species 
because they would form different structures in aqueous solution and would-interact with 
membranes in a different way. More work needs to be done to study the properties of 
these lipoid cages but it is beyond the scope of this thesis. 
9.3.1.2 Highly Charged Cationic Surfactants 
Syntheses of higher charged (4+ and 5+) derivatives (6) and (7) have been 
achieved by the route depicted in Scheme 9.2. [Co(NH2,NH(CH2)9CH3)-sar]Cl3·2HC1 
(1) was reductively methylated by the Clarke-Eschweiler reaction to 
[Co(NMe2,NMe(CH2)9CH3)-sar]Cl3 (5) which was then methylated further to (6) and 
(7) using iodomethane. All of these mono-tail cages have typical surfactant properties. 
They foam so readily in water that it is difficult to evaporate their aqueous solutions using 
a rotary evaporator. The molecules are very stable in both solid and solution states. The 
chloride salts of these complexes are not only soluble in water but also in CHC13, DMF 
andDMSO. 
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EtOH j decanal 
I NaBH3CN 
NH NH N N 
d:J1" d:J1" d:J13• d:J1h 
NH NH NH C]i/ .. NH NH NH NH:.('NH NH ( ~·( J ( ~f( J c. I/ J + 5011~ J + + ~y~ 
r:µ QJ qJ qJ 
NH2 HN N 
15% 25% 
(1) (2) (3) (4) 
Scheme 9.1 Synthesis of Paraffin Tail Substituted Co(III) Sarcophagine Type Cage 
Complexes. 
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HCHO + CH,c<XJH j H,O, 105° C, 48 h< 
-f~NH}13+ Me F7\ '\I ~ NH~nf-NH N 
I / " . \ Me NH NH Me 
\__/ 
(5) 
95% I DMSO CH3I 35° C 20 hr. 
Me Me 
I I 
~~·· Me-N-Me rf,-is+ 
C~(NBJ + c~kj 
r:µ r:µ 
Me-N Me-N-Me 
(6) (7) 
26% 63% 
Scheme 9.2 Synthesis of Highly Charged Cationic Surfactants. 
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9.3.2 NMR Spectroscopy 
All of the new compounds have been characterised by NMR spectra which are 
depicted in Figures 9 .1, 9 .2 and 9 .3. The 1 H NMR spectra of the single tail complexes 
show typically two groups of signals. The tail group exhibits a triplet at 0.8 ppm (CH3) 
and two to three broad singlets between 1.2 and 1.8 ppm(tail CH2). The cage group 
exhibits a complex pattern between 2.8 to 3.9 ppm (cage CH2 and NCH3). The N-H 
signals of the coordinated amine groups are observed in the DMSO-d6 NMR spectra at ca. 
8.8 ppm when samples were recrystallised from aqueous solutions containing HCL If 
these samples were dissolved in D20, no N-H signals were found in the spectra. The 
exchange between the deuteron and proton is relatively fast under these conditions. The 
-
nc NMR spectra show a progressive chemical shift downfield by about 6 ppm per 
methyl for the quaternary carbon. The progressive methylation of the amine substituents 
also moves the methyl carbon resonances downfield by ca. 10 ppm per methylation. The 
methylene carbon, adjacent to the tail amine resonance, is also shifted downfield ca. 9 
ppm by per methylation. The remaining signals are quite stable and one group belongs to 
the tail carbon atoms between 14 to 32 ppm, and the other group relates to the cage carbon 
atoms between 46 to 55 ppm. 
The NMR spectra (Figure 9 .4) of the double tail cage complex show more 
symmetry (average C3) than that of the single tail cages. The 13C NMR spectrum 
showrnnly three signals for the cage carbon resonances at 48.33 ppm (cap CH2), 
54.59 ppm (en CH2) and 61.78 ppm (qC). The remaining signals are similar to those of 
the single tail cages. 
All characteristic 13C NMR resonances are summarised in Table 9 .1. The table 
shows another notable difference between these complexes in that the chemical shifts of 
the 13C NMR resonances of the "en" carbons of [Co(NMe2,NMe(CH2)9CH3)-sar]3+, 
[Co(NMe3,NMe(CH2)9CH3)-sar]4+ and [Co(NMe3,NMe2(CH2)9CH3)-sar]5+ are 
similar, but they are different to those of [Co(NH2h-sar]3+ and [Co(NH(CH2)9CH3)i-
sar p+. This is attributed to the presence of different preferred conformations such as ob3 
and lel3, and more detail will be given in 9.3.4. 
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Table 9.1. Characteristic 13C NMR Resonances of the Co(ill) Cage Complexes. 
Complexes a (l)h (l)C (2)C (2)h (S)h (6)h (7)h 
Me (tail) - 14.2 14.2 14.2 14.0 14.5 14.3 14.3 
Me (-N-tail) - - - - - 36.9 36.5 46.7 
-- - .. 
-
47.0 
Me (-N) - - - - - 40.1 51.4 51.4 
CH2 (tail) - 22.9 22.3 22.3 22.4 23.1 22.9 22.9 
26.4 26.1 26.2 22.5 25.9 25.9, 26.3 
27.0 26.2 26.3 26.9 26.9 26.6 
28.3 28.5 29.1 
28.9 28.9 29.2 29.5 28.9 29.0 
29.2 29.0 29.0 29.4. 29.8 29.3 29.3 
29.5 29.1 29.1 30.6 30.0 29.4 29.4 
31.3 31.5 31.5 31.7 32.4 32.0 32.0 
CH2 (tail-N) - 43.7 41.8 41.9 41.6 54.0 53.9 62.3 
CH2 (cap) 51.9 50.8 48.1 48.3 54.3 48.4 48.0 47.8 
52.4 50.0 49.0 49.2 
-
CH2 (en) 55.6 54.7 54.7 54.6 55.0 51.6 51.3 51.3 
qC 57.1 56.7 57.1 - - 65.7 66.2 72.5 
qC (tail) 
- 61.4 61.7 61.8 60.0 66.6 72.5 74.2 
! 
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Figure 9.1. NMR Spectra of [Co(NMe2,NMe(CH2)9CH3) .. sar]3+ in, D20. Top: 300 
MHz lH NMR(dioxane 3.70 ppm). Bottom: 75 MHz 13C NMR (dioxane 67.4 ppm). 
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Figure 9.2. NMR Spectra of [Co(NMe3,NMe(CH2)9CH3)sar]4+ in DzO. Top: 300 
MHz lH NMR (dioxane 3.70 ppm). Bottom: 75 MHz APT NMR (dioxane 67.4 ppm). 
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Figure 9.3. NMR Spectra of [Co(NMe3,NMe2(CH2)9CH3)-sar]5+ in D20. Top: 300 
MHz lH NMR (dioxane 3.70 ppm). Bottom: 75 MHz APT NMR (dioxane 66.4 ppm). 
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Figure 9.4. NMR Spectra of [Co(NH(CH2)9CH3)2-sar]3+ in DMSO-d6. Top: 300 
MHz lH NMR (DMSO at 2.49 ppm). Bottom: 75 MHz BC NMR (DMSO at 39.5 ppm). 
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9.3.3 ESMS Studies 
The highly charged surfactant complexes have also been characterised by the 
ESMS method. The chloride salts of these tail cage compounds were dissolved in water 
(0.1 mg in 1 ml) and run at a cone voltage of 50 V at 90°C. The spectra are given in 
Figures 9.5, 9.6, 9.7, 9.8 and 9.9. The ESMS spectra show several features for these 
methylated and non-methylated tail cage complexes. Firstly, the deprotonation and 
protonation of the cages were facile. Secondly, demethylation of the cages was observed. 
Thirdly, ions with different numbers of anions were obviously present. Fourthly, 
although singly, doubly and triply charged ions show clearly in the spectra no redox 
. ___ , ~ ;;:: -
processes were found. Furthermore, for the 3+ cage~ the most abundant ions were the 
mono deprotonated 2+ cage ions and in this case deprotonation of the cages was the most 
facile process. For the 4+ and 5+ cages, however, the @Ost abundant ions were more 
complicated and demethylation may be the most facile process. It would be reasonable to 
relate this to the highly positive charge of the ammonium ions which preferentially 
destabilises the trimethyl ammonium group . 
. . 
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Figure 9.5. ESMS Spectrum of (1) in 50 : 50 Methanol Water Solution. Cone 
Voltage: 50 V. 
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Figure 9.6. ESMS Spectrum of (2) in Water. Cone Voltage: 50 V. 
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Figure 9.7. ESMS Spectrum of (5) in Water. Cone Voltage: 50 V. 
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Figure 9.8. ESMS Spectrum of (6) in Water. Cone Voltage: 50 V. 
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9.3.4 Electronic Spectroscopy 
Although the absorption spectra of the cage complexes with dimethylammonium 
and trimethylammonium substituents in the apical positions are generally similar to those 
of the normal cobalt(III) hexaamine cage complexes (two d-d bands and one CT band), 
and some progressive shifts to high energy for the d-d bands have been found (Figure 
9.lQ). Table 9.2 lists the detailed data. These results are consistent with those for other 
cages containing dimethylammonium and trimethylammonium substituents in the apical 
positions.[2, 3] Previous work [4] has shown that this effect on the solution electronic 
spectra is due to the conformation of the cage complex. The methylation, of the apical 
primary amines of [Co(NH3)z-sar]5+ had a marked effect on stabilising the normally less 
solution stable ob3 conformation. The trimethylammonium substituted cages, such as 
[Co(NM~3)z-sar]5+, have the ob3 conformation in solution, whereas the amino-
substituted cages, such as [Co(NH3)2-sar]5+, are believed to have the lel2ob or leh 
conformation. 
The electronic spectral properties of [ColII(NMe3,NMe2(CH2)9CH3)-sar]5+ are 
very similar to those of ob3-fac-[CoIIl((NH3)zMe3)-sar]5+ and quite different from those 
with a lel3 or lel2ob [5] conformation (Table 9.2). Apart from the difference in the 
frequency of this absorption, the weaker intensity of the absorption band of 1A1g ...-. 
1T1g (Oh) origin of the ob3 conformer as compared to the lel2ob or lel3 conformer is 
consistent with the former having a CoIIIN6 chromophore whose symmetry is closer to 
octahedral. Therefore, stronger symmetry selection rules for the transition apply. From 
tt-\ese data, it is inferred that [ColII(NMe3,NMe2(CH2)9CH3)-sar]5+ exists mainly as 
the ob3 isomer in aqueous media and that [Co{ (NH3)zsar} ]5+ is in the lel3 or lel2ob 
conformation.[4] 
The electronic spectral properties of [CoIIl(HNMe2,HNMe(CH2)9CH3)-sar]5+ 
and [CoIIl(NMe3,HNMe(CH2)9CH3)-sar]5+ more closely resemble that of [CoIII(NMe3, 
NMe2(CH2)9CH3)-sar]5+ which to exists mainly in the ob3 conformation in solution, 
rather than that of [Co(NH3)2-sar]5+ which appears to have mainly the lel3 or lel2ob 
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conformation in solution. Therefore the [CoIIl(HNMe2,HNMe(CH2)9CH3)-sar]5+ ion 
may prefer the lelob2 conformer in the solution. 
The electronic spectral properties of the ammonium substituted single and double 
tail cage complexes, [Colll(NH3,NH2(CH2)9CH3)-sar]5+ and [CoIII{ (NH2(CH2)9CH3)z-
sar]5+, are similar to those of lel3-fac-[CoIIl(NHfr2Me3-sar} p+ and lel3-fac-
[CoIIl((NH3)zMe3)-sar]5+.[4, 6] Therefore it is reasonable to conclude that the paraffin 
tail alone does not have any special function relating to the conformation change, i.e. it is 
simply the equivalent of a single methyl group substituent on the apical nitrogen. 
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[Co{(NH3, NH/CH;)9CH3)sar}]5+ 
- [Co{(HNMe2, HNMe(CH2)9CH3)sar}]5+ 
- - - [Co{(NMe3, HNMe(CH2)9CH3)sar}]5+ 
- - - - - [Co{(NMe3, NMe2(CH)9CH3)sar}]5+ 
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/...(nm) 
Figure 9.10. Progressive Methylation Effect on the Solution Electronic Spectrum. 
Chloride Salts (5.0 x 10-4 M) iri 0.1 M HCl at 25°C. 
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Table 9.2. UV-Visible Spectral Data of Tail Cage Complexes. Chloride Salts (5.0 x 
10-4 M) in 0.1 M HCl at 25°C. A.max in nm,£ in M-lcm-1. 
Amax (c) 
Complexes lA11! ...-. lT11! 1All! ...-. 1T211 charge transfer 
- -- - .. 
[Co(NH3)2-sar]5+ 474 (171) 344 (152) 240 (16240) 
223 (16380) 
[CoIIl(NH3, 474 (156) 342 (160) 237 (14984) 
NH2(CH2)9CH3)-sar]5+ 
[CoIII(HNMe2, 454 (121) 333 (170) 234 (18160) 
HNMe(CH2)9CH3)-sar]5+ 
-
[ CoIII(NMe3, 446 (132) 328 (183) 234 (18598) 
HNMe(CH2)9CH3)-sar]5+ 
[CoIII(NMe3, 444 (107) 326 (131) 232 (18640) 
NMe2( CH2)9CJf 3)-sar ]5; 
[CoIII(NMe3, 442 (100) 326 (163) 232 (18860) 
NMe2(CH2)9CH3)-sar]5+ a 
[CoIII(NH2(CH2)9CH3)2- 474 (235) 344 (245) 236 (17070) 
sar]5+ b -
lel31ac-[CoIII((NH2hMe3)- 474 (148) 340 sh (178) 
sar]3+ c, d 
ob3-fac[CoIII( (NH2hMe3)- 450 (83) 330 sh (107) 
sar]3+ c, d 
lel31ac-[CoIII((NH3)2Me3)- 480 (152) 346 (135) 246 (19500) 
sar}5+ c, e 
ob3-fac[CoIIl((NH3)2Me3)- 450 (81) 331 (94) 231 (19300) 
sar]5+ c, e 
a In water (pH= 6). b 2.0 x 10-4 M. c Ref [4]. d pH 7. e 0.1 M CF3S03H. 
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9.3.5 Electrochemistry 
The cyclic voltammograms of the dimethylammonium and trimethylammonium 
substituted systems were obtained in 0.1 M (1:1 HCl, NaCl) solution with an EPG 
working electrode. It is not surprising to see a difference between 5+/4+ and 3+/2+ 
couples because of the difference in charge and inductive e_f!ects of the positively charged 
substituents. Both effects make the Co(III) complex more susceptible to reduction.[4] A 
progressive potential shift was observed upon methylation of 
[Co(HNMe2,HNMe(CH2)9CH3)-sar]5+ to form [Co(NMe3,HNMe(CH2)9CH3)-sar]5+ 
first and then [Co(NMe3,NMe2(CH2)9CH3)-sar]5+ and their CV ~pectra are depicted in 
Figure 9 .11. The data are listed in Table 9 .3. Another notable feature is that two 
reversible Co2+13+ couples were observed for the [Co(NMe3,NMe2(CH2)9CH3)-sar]5+ 
ion in neutral conditions (Figure 9.12). This appears to be due to deprotonation of the 
[Co(NMe3,NMe2(CH2)9CH3)-sar]5+ ions and not to conformational changes, as the ob3 
conformer should have a lower potential than that of the lel3 form.[6] Owing to the 
charge and inductive effects, therefore, the aza amines of the 
[Co(NMe3,NMe2(CH2)9CH3)-sar]5+ ion are generally more easily deprotonated than the 
3+ cage complexes, and are similar to [Co(NMe3)z-sar]5+ which has a pKa of 9.14] 
Th~ data listed in Table 9.3 indicates that some highly charged surfactant cages 
show some adsorption on the electrode and therefore ~p was less than 60 mv especially 
under neutral conditions. The double tail cage complex [Co(NH2(CH2)9CH3)z-sar]5+, 
however, shows adsorption even under acid conditions. It is assumed also that the larger 
two tail cage molecule has a smaller diffusion coefficient under these conditions. 
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[Co{ (HNMe2, HNMe(CH2) 9 CH3)sar} ]5+ 
- [Co{ (NMe3, HNMe(CH2) 9CH3)sar} ]5+ 
- - - [Co{ (NMe3, NMe2(CH2) 9CH3)sar} ]5+ 
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Figure 9.11. Methylation Effects on CV of [Co(HNMe2,HNMe(CH2)9CH3)-sar]5+. 
(0.05 M HCl+0.05 M NaCl in aqueous solution at 20°C). 
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Figure 9.12. PH Dependence for the CV of [CoNMe3, NMe2(CH2)9CH3)sar]5+ in 
0.1 M (HCl +NaCl) Aqueous Solution at 20°C. 
Chapter Nine 345 
Table 9.3. Electrochemical Data for the Co(IIl/II) Couples of the Cage Complexes vs 
SCE.a 
redox coupleb pH LIBp (mV) E112(V) 
[Co(NH3)i-sar]5+/4+ 1.5 78 - 0.246 
[Co(NH2)i-sar]3+/2+ 7 68 - 0.555 
[ Co(NH3 ,NH 2( CH2)9CH 3)-sar ]5+14+ 1.5 78 - 0.246 
[Co(NH2,NH(CH2)9CH3)-sar ]3+12+ 7 65 - 0.557 
[Co(HNMe2,HNMe(CH2)9CH3)-sar ]5+14+ 1.5 74 - 0.245 
[Co(NMe2,NMe( CH2)9CH3)-sar ]3+12+ 7 54 - 0.559 
[Co(NMe3,HNMe( CH2)9CH3)-sar ]5+14+ 1.5 77 - 0.261 
-
[Co(NMe3,NMe(CH2)9CH3)-sar]4+/3+ 7 48 - 0.421 
[ Co(NMe3 ,NMe2( CH2)9CH3)-sar ]5+14+ 1.5 82 - 0.279 
[ Co(NMe3 ,NMe2( CH2)9CH 3)-sar ]5+14+ 7 83 - 0.267 
31 - 0.417 
[ Co(NMe3 ,NMe2( CH2)9CH3 )-sar ]5+14+ 10 98 - 0.408 
[Co(NH2(CH2)9CH3)i-sar]5+14+ 1.5 55 - 0.251 
[Co(NH(CH2)9CH3)2-sar]3+12+ 7 28 - 0.556 
a Measured at 25°C; aqueous NaCl(µ= 0.1) as supporting electrolyte; EPG working 
electrode; Scan rate 100 m V /s. 
b Chloride salts used throughout; concentration ca. 10-3 M. 
9.3.6 Biological Activity 
The [Co(NMe3,NMe(CH2)9CH3)-sar]4+ complex was tested in vitro against 
cestodes by Dr. Carolyn A. Behm (Division of Biochemistry and Molecular Biology, 
School of Life Science, The Australian National University) and shows a similar activity 
to that of the [Co(NH2,NH(CH2)9CH3)-sar]3+ compound.[1, 7] 
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9. 4 Conclusions 
A series of new highly charged cationic surfactant molecules have been 
synthesised and fully characterised by NMR, microanalysis, electronic spectroscopy and 
redox chemistry. The dimethylammonium and trimethylammonium substituted 
surfactants exist mainly as the ob3 conformation in aqueous media. They show high 
stability, reasonable solubility in water and interesting redox properties. The amino 
substituted surfactant and the bis-tail cage exist mainly as the lel2ob or lel3 conformation 
in aqueous solution. The 4+ compound was tested in vitro against cestodes and shown 
to have similar activity to that of the 3+ mono-tail cage. 
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Appendix 3.1. Atomic Coordinates and Isotropic Displacement Parameters for 
C14H3s.4Cl5CoN602.10Zn, [Co(CH2)3-sen] (ZnCl4)Cl·2.7 H20 
atom x y z Beq 
Zn(l) 0.40948(6) 0.42192(2) 0.25017(5) 3.26(3) 
Co(l) 0.76965(6) 0.38171(2) 0.75119(6) 2.30(3) 
Cl(l) 0.2971(1) 0.46930(4) 0.0915(1) 3.66(6) 
Cl(2) 0.2778(1) 0.43252(5) 0.4227(1) 4.61(7) 
Cl(3) 0.6591(1) 0.44493(5) 0.2874(1) 4.12(6) 
Cl(4) 0.3906(2) 0.34274(5) 0.1961(1) 5.20(8) 
Cl(5) 0.4407(2) 0.26817(5) 0.8306(2) 6.52(9) 
0(1) 0.1972(4) 0.3361(2) 0.6877(4) , A.6(2) 
0(2) 0.1748(6) 0.3101(2) 0.4414(4) 6.7(3) 
0(3) 0.1759(6) 0.2008(2) 0.8560(5) 8.3(4) 
N(l) 0.6785(4) 0.3309(1) 0.6421(4) 3.5(2) 
N(2) 0.9256(4) . 0.3329(1) 0.8057(4) 3.0(2) 
N(3) 0.8913(4) 0.4068(1) 0.6212(3) 2.9(2) 
N(4) 0.8778(4) 0.4305(1) 0.8600(3) 2.5(2) 
N(5) 0.6020(4) 0.4266(1) 0.7041(3) 2.4(2) 
N(6) 0.6463(4) 0.3627(1) 0.8885(3) 2.7(2) 
C(l) 0.5551(6) 0.3313(2) 0.5707(6) 6.0(3) 
C(2) 0.7770(6) 0.2870(2) 0.6442(5) 4.6(3) 
C(3) 0.8600(6) 0.2838(2) 0.7727(5) 4.1(3) 
C(4) 0.9934(5) 0.3350(2) 0.9397(5) 3.7(3) 
C(5) 0.9010(5) 0.3922(2) 0.5101(5) 3.9(3) 
C(6) 0.9815(5) 0.4504(2) 0.6647(5) 3.4(2) 
C(7) 1.0217(5) 0.4448(2) 0.8030(4) 3.2(2) 
C(8) 0.9077(5) 0.4183(2) 0.9962(4) 3.2(2) 
C(9) 0.5875(5) 0.4568(2) 0.6148(4) 3.5(2) 
C(lO) 0.4733(5) 0.4220(2) 0.7841(5) 3.3(2) 
C(ll) 0.5365(5) 0.4030(2) 0.9096(4) 3.0(2) 
C(l2) 0.7316(5) 0.3473(2) 1.0100(4) 3.5(2) 
C(13) 0.8972(5) 0.3642(2) 1.0241(4) 3.1(2) 
C(14) 0.9595(6) 0.3562(2) 1.1618(5) 4.8(3) 
H(l) 0.4904 0.3591 0.5680 7.2 
H(2) 0.5270 0.3039 0.5198 7.2 
H(3) 0.7154 0.2588 0.6277 5.5 
H(4) 0.8487 0.2897 0.5827 5.5 
H(5) 0.7905 0.2745 0.8320 4.9 
H(6) 0.9404 0.2605 0.7729 4.9 
H(7) 1.0028 0.3027 0.9714 4.5 
H(8) 1.0923 0.3494 0.9417 4.5 
H(9) 0.8446 0.3644 0.4797 4.7 
H(lO) 0.9646 0.4090 0.4568 4.7 
H(l 1) 1.0725 0.4524 0.6225 4.1 
H(12) 0.9218 0.4789 0.6484 4.1 
H(13) 1.0977 0.4203 0.8185 3.8 
H(l4) 1.0594 0.4747 0.8381 3.8 
H(15) 1.0081 0.4292 1.0245 3.8 
H(16) 0.8344 0.4349 1.0411 3.8 
H(17) 0.6679 0.4607 0.5613 4.1 
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H(18) 0.4962 0.4755 0.6010 4.1 
H(19) 0.4273 0.4529 0.7940 3.9 
H(20) 0.3987 0.4001 0.7465 3.9 
H(21) 0.5887 0.4283 0.9567 3.6 
H(22) 0.4551 0.3910 0.9544 3.6 
H(23) 0.6807 0.3604 1.0775 4.2 
H(24) 0.7302 0.3128 1.0144 4.2 
H(25) 0.9514 0.3228 1.1825 5.8 
H(26) 1.0643 0.3659 1.1728 . - 5.8 
H(27) 0.9015 0.3751 1.2152 5.8 
H(28) 1.0005 0.3371 0.7597 3.7 
H(29) 0.8200 0.4559 0.8562 3.0 
H(30) 0.5915 0.3382 0.8617 3.3 
H(31) 0.191(6) 0.325(2) 0.621(4) 5.3 
H(32) 0.264(5) 0.312(2) 0.724(4) 5.3 
H(33) 0.206(7) 0.326(2) 0.393(5) 7.3 
H(34) 0.108(6) 0.288(2) 0.403(5) . 7.3· 
Appendix 3.2. Other Bond Distances and Angles for the Cation in [Co(CH2h-sen] 
(ZnCl4)Cl·2.7 H20 
Bond Distances (A) 
. 0(1)-H(31) 0.77(5) C(6)-H(ll) 0.950 
O(l)-H(32) 0.95{4) C(6)-H(l2) 0.950 
0(2)-H(33) 0.75(5) C(7)-H(13) 0.950 
0(2)-H(34) 0.92(5) C(7)-H(l4) 0.950 
N(2)-H(28) 0.860 C(8)-H(15) 0.950 
N(4)-H(29) 0.860 C(8)-H(16) 0.950 
N(6)-H(30) 0.860 C(9)-H(17) 0.950 
C(l)-H(l) 0.950 C(9)-H(l8) 0.950 
C(l)-H(2) 0.950 C(10)-H(19) 0.950 
C(2)-H(3) 0.950 C(10)-H(20) 0.950 
C(2)-H(4) 0.950 C(ll)-H(21) -0.950 
C(3)-H(5) 0.950 C(l 1)-H(22) 0.950 
C(3)-H(6) 0.950 C(12)-H(23) 0.950 
C(4)-H(7) 0.950 C(12)-H(24) 0.950 
C(4)-H(8) 0.950 C(14)-H(25) 0.950 
C(5)-H(9) 0.950 C( 14 )-H(26) 0.950 
C(5)-H(10) 0.950 C(14)-H(27) 0.950 
Bond Angles (deg) 
Cl( 1)-Zn(1 )-Cl(2) 108.15(5) Cl(l )-Zn(l )-Cl(3) 108.20(5) 
Cl( 1)-Zn(1)-Cl(4) 110.12(5) Cl(2)-Zn(1 )-Cl(3) 111.72(5) 
Cl(2)-Zn(l)-Cl(4) 107.48(5) Cl(3)-Zn(1)-Cl(4) 111.15(5) 
H(3 l)-0(1)-H(32) 95(5) C( 13 )-C( 4 )-H(7) 108.52 
H(33)-0(2)-H(34) 110(6) C( 13)-C( 4 )-H(8) 108.52 
Co(l)-N(2)-H(28) 106.42 H(7)-C( 4 )-H(8) 109.46 
C(3)-N(2)-H(28) 106.41 N (3 )-C( 5)-H(9) 120.00 
C(4)-N(2)-H(28) 106.41 N(3)-C(5)-H(10) 120.00 
Co(l)-N(4)-H(29) 106.15 H(9)-C(5)-H(10) 120.00 
C(7)-N(4)-H(29) 106.15 N(3)-C(6)-H(l 1) 110.02 
C(8)-N(4)-H(29) 106.15 N(3)-C(6)-H(12) 110.02 
Co(l)-N(6)-H(30) 106.57 C(7)-C(6)-H(l 1) 110.02 
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C(l 1)-N(6)-H(30) 106.57 C(7)-C(6)-H(12) 110.02 
C(l2)-N(6)-H(30) 106.57 . H(l 1)-C(6)-H(l2) 109.46 
N(l)-C(l)-H(l) 120.00 N ( 4 )-C(7)-H(l 3) 1 H>.03 
N(l)-C(l)-H(2) 12-0.00 N ( 4 )-C(7)-H(l 4) 110.-03 
H(l)-C(l)-H(2) 120.00 C( 6)-C(7)-H( 13) 110.-03 
N(l)-C(2)-H(3) 110.05 C( 6)-C(7)-H(l 4) 110·.03 
N(l)-C(2)-H(4) 110.05 H( 13)-C(7)-H(14) 109'.46 
C(3)-C(2)-H(3) 110.05 N(4)-C(8)-H(15) 108.41• 
C(3)-C(2)-H(4) 110.05 N(4)-C(8)-H(l6) 108.41 
H(3)-C(2)-H(4) 109.46 C(13)-C(8)-H(I5) 108.41 
N(2)-C(3)-H(5) 109.87 C(13)-C(8)-H(l6) 108.41 
N(2)-C(3)-li(6) 109.87 H(15)-C(8)-H(16) 109.46 
C(2)-C(3)-H(5) 109.87 N(5)-C(9)-H(l 7) 120.00 
C(2)-C(3)-H(6) 109:87 N(5)-C(9)-H(18) 120.00 
H(5)-C(3)~H(6) 109.46 H(l 7)-C(9)-H(18) 120.00 
N(2)-C(4)-H(7) 108.52 N(5)-C(10)-H(19) rn9.~8s· 
N(2)-C( 4)-H(8) 108.52 N(5)-C(10)-H(20}. W9,:S5 
C(l 1)-C(10)-H(19) 109.85 C(l 1)-C(10)-H(20) 109.85 
H(19)-C(10)-H(20) 109.46 N ( 6)-C(l 1 )-H(21) 109.76 
N(6)-C(l 1)-H(22) 109.76 C(l0)-C(l 1)-H(21) 109.76 
C(l0)-C(l 1)-H(22) 109.76 H(21)-C(l 1)-H(22) 109.46 
N(6)-C(12)-H(23) 108.50 N(6)-C(12)-H(24) 108.50 
C(13)-C(l2)-H(23) 108.49 C(l3)-C(12)-H(24) 108.50 
. H(23)-C(12)-H(24) 109.46 C(13)-C(14)-H(25) 109.47 
C(13)-C(14)-H(26) 109.47 C(l3)-C(14)-H(27) 109.47 
H(25)-C( 14 )-H(26) 109.47 H(25)-C( 14 )-H(27) 109.47 
H(26)-C( 14 )-H(27) 109.47 
Torsion Angles (deg) 
Co(l)-N(l)-C(2)-C(3) 31.6(5) N(2)-Co(l )-N(5)-C(9) -155(2) 
Co(l)-N(2)-C(3)-C(2) 42.1(4) N (2)-Co( 1 )-N ( 5)-C( 10) 22(2) 
Co(l )-N (2)-C( 4)-C(13) 18.2(5) N(2)-Co(l)-N(6)-C(l 1) 160.9(3) 
Co(l )-N (3 )-C( 6)-C(7) 31.6(4) N(2)-Co(l)-N(6)-C(12) 34.5(3) 
Co( 1 )-N ( 4 )-C(7)-C( 6) 42.6(4) N(2)-C(4)-C(13)C(8) -72.1(5) 
Co(l)-N(4)-C(8)-C(l3) 18.9(5) N(2)-C( 4)-C(l 3)C(12) 51.2(5) 
Co( 1)-N ( 5)-C( 10)~( 11) 26.8(4) N (2)-C( 4)-C(13)C(l 4) 169.5(4) 
Co(l )-N ( 6)-C(l 1)C(10) 41.2(4) N(3)-Co(l)-N(l)-C(l) -92.1(5) 
Co(l)-N(6)-C(12)C(13) 19.2(5) N(3)-Co(l)-N(l)-C(2) 85.6(3) 
N ( 1 )-Co(l )-N (2)-C(3) -19.7(3) N(3)-Co(l)-N(2)-C(3) -112.3(3) 
N ( 1)-Co(1 )-N (2)-C( 4) -146.8(3) N(3)-Co(l)-N(2)-C(4) 120.6(3) 
N(l)-Co(l)-N(3)-C(5) -0.9(4) N(3)-Co(l)-N(4)-C(7) -20.2(3) 
N(l)-Co(l)-N(3)-C(6) 177.7(3) N(3)-Co(l)-N(4)-C(8) -148.2(3) 
N ( 1)-Co(1 )-N ( 4 )-C(7) 43(2) N(3)-Co(l )-N(5)-C(9) 4.0(4) 
N(l)-Co(l)-N(4)-C(8) -85(2) N(3)-Co(l)-N(5)-C(l0) -178.6(3) 
N( 1)-Co(1 )-N(5)-C(9) -88.9(4) N(3)-Co(l)-N(6)-C(l 1) 36(2) 
N(l)-Co(l)-N(5)-C(10) 88.5(3) N(3)-Co(l)-N(6)-C(12) -91(2) 
N(l)-Co(l)-N(6)-C(l 1) -113.5(3) N(3)-C(6)-C(7)-N(4) -47.6(5) 
N( 1)-Co(1)-N(6)-C( 12) 120.1(3) N ( 4)-Co(1 )-N ( 1)-C(1) -155(2) 
N(l)-C(2)-C(3)-N(2) -47.6(5) N(4)-Co(l)-N(l)-C(2) 23(2) 
N(2)-Co(l)-N(l)-C(l) 175.6(5) N( 4)-Co(l )-N(2)-C(3) 162.6{3) 
N(2)-Co(l)-N(l)-C(2) -6.8(3) N(4)-Co(l)-N(2)-C(4) 35.5(3) 
N (2)-Co( 1 )-N (3 )-C( 5) 84.7(4) N(4)-Co(l)-N(3)-C(5) 174.9(4) 
N(2)-Co(l)-N(3)-C(6) -96.7(3) N(4)-Co(l)-N(3)-C(6) -6.5(3) 
N (2)-Co(l )-N ( 4 )-C(7) 72.3(3) N( 4)-Co(l )-N(5)-C(9) 89.1(4) 
N(2)-Co(l)-N(4)-C(8) 
-55.6(3) N(4)-Co(l)-N(5)-C(10) -93.5(3) 
6 
N(4)-Co(l)-N(6)-C(l 1) 
N(4)-Co(l)-N(6)-C(12) 
N ( 4 )-C(8)-C(13 )C( 4) 
N( 4)-C(8)-C(13)C(12) 
N ( 4)-C(8)-C(13 )C(l 4) 
N ( 5)-Co( 1 )-N ( 1)-C(1) 
N ( 5)-Co(l )-N (1 )-C(2) 
N(5)-Co(l)-N(2)-C(3) 
N(5)-Co(l)-N(2)-C(4) 
N ( 5)-Co( 1 )-N (3 )-C( 5) 
N ( 5)-Co( 1 )-N (3 )-C( 6) 
N ( 5)-Co( 1 )-N ( 4 )-C(7) 
N ( 5)-Co( 1 )-N ( 4 )-C(8) 
N ( 5)-Co( 1 )-N ( 6)-C( 12) 
N(6)-Co(l)-N(l)-C(l) 
N(6)-Co(l)-N(2).:C(3) 
N ( 6)-Co( 1 )-N (3 )-C( 5) 
N ( 6)-Co( 1 )-N ( 4 )-C(7) 
N ( 6)-Co(l )-N ( 5)-C(9) 
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70.5(3) 
-55.9(3) 
50.5(5) 
-72.8(5) 
169.6(4) 
0.2(5) 
177.9(3) 
47(2) 
-80(2) 
-93.5(4) 
85.1(3) 
-112.2(3) 
119.8(3) 
-147.6(3) 
85.2(5) 
72.2(3) 
-150(1) 
162.9(3) 
179.4(4) 
N(6)-C(l2)C(13)C(4) 
N(6)-C(12)C(13)C(8) 
N(6)-C(12)C(13)C(14) 
C(l)-N(l)-C(2)-C(3) 
C(2)-C(3)-N(2)-C(4) 
C(3)-N(2)-C(4)-C(13) 
C(5)-N(3)-C(6)-C(7) 
C( 6)-C(7)-N ( 4 )-C(8) 
C(7)-N(4)-C(8)-C(13) 
C(9)-N(5)-C(10)C(l 1)- ·· 
C(10)C(l 1)-N(6)-C(12) 
C(l 1)-N(6)-C(12)C(13) 
N(5)-Co(l)-N(6)-C(l 1) 
N(5)-C(10)C(l 1)-N(6) 
N(6)-Co(l)-N(l)-C(2) 
N(6)-Co(l)-N(2)-C(4) 
N ( 6)-Co( 1 )-N (3)-C( 6) 
N(6)-Co(l)-N(4)-C(8) 
N ( 6)-Co( 1 )-N ( 5)-C( 10) 
-73.4(5) 
50.0(5) 
167.5(4) 
-150.5(5) 
172.5(4) 
-107.1(4) 
-149.6(4) 
173.4(4) 
-107.4(4) 
-155.5(4) 
171.2(4) 
-106.1(4) 
-21.2(3) 
-43.7(5) 
-97.2(3) 
-55.0(3) 
28(2). 
34 .. 9(3) 
-3.2(3) 
Appendix 3.3. 75 MHz 13C APT NMR (Dl = 0.004) Spectrum of Compound Bin 
D20. 
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Appendix 3.4. 500 MHz lH NMR Spectrum of Bin D20 (dioxane 3.7 ppm). 
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Appendix 3.5. 300 MHz HETCOR Spectrum of Bin D20 (dioxane 3.7 ppm for 
proton NMR and 67.4 ppm for carbon NMR). 
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Appendix 3.6. 500 MHz DGCOSY Spectrum of Bin D20 (dioxane 3.7 ppm for 
proton NMR). 
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Appendix 3.7. 300 MHz lH NMR Spectrum of (1) in D20 (dioxane 3.7 ppm). 
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Appendix 3.8. 75 MHz 13C NMR Spectrum of (1) in D20 (dioxane 67.4 ppm). 
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Appendix 3.9. 300 MHz IH NMR Spectrum of (2) in D20 (dioxane 3.7 ppm). 
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Figure 10. 75 MHz 13C NMR Spectrum of (2) in D20 (dioxane 67.4 ppm). 
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Appendix 4 
Appendix 4.1. Atomic Coordinates and Isotropic Displacement Parameters for 
C24Hs6Cl12Co2N1204Zn3 ([Co((CH2h-en)3](ZnC4)1.s·2H20) 
atom x y z B(eq) 
Zn(l) 0.26470(9) 0.02828(8) -0.07085(3) 3.44(5) 
Zn(2) 0.5000 0.1872(1) 0.7500 3.52(7) 
Co(l) 0.25166(9) 0.03947(8) 0.11855(3) 2.29(5) 
Cl(l) 0.4194(2) 0.1288(2) -0.05565(7) 4.2(1) 
Cl(2) 0.2482(3) -0.1025(2) -0.02739(7) 5.8(1) 
Cl(3) 0.1093(2) 0.1308(2) -0.06827(8) 4.5(1) 
Cl(4) 0.2826(2) -0.0455(2) -0.13260(7) 5.4(1) 
Cl(5) 0.4460(2) 0.2842(2) 0.69571(7) 4.9(1) 
Cl(6) 0.3455(2) 0.0919(2) 0.76399(8) 6.3(2) 
0(1) 0.6937(6) 0.1625(6) 0.2319(2) 7.7(5) 
0(2) 0.909(1) 0.057(1) 0.6932(5) 10(1) 
0(3) 1.0000 0.211(1) 0.7500 9.9(8) 
N(l) 0.2720(5) 0.1772(5) 0.1410(2) 2.8(3) 
N(2) 0.3956(5) 0.0127(5) 0.1466(2) 2.8(3) 
N(3) 0.1785(6) -0.0129(6) 0.1661(2) 3.7(4) 
N(4) 0.2376(6) -0.1000(5) 0.0984(2) 3.3(4) 
N(5) 0.1096(5) 0.0707(5) 0.0903(2) 2.9(3) 
N(6) 0.3205(6) 0.0886(5) 0.0693(2) 2.7(3) 
C(l) 0.2016(8) 0.2506(7) 0.1412(3) 4.1(5) 
C(2) 0.3886(8) 0.1935(8) 0.1562(3) 4.6(5) 
C(3) 0.4278(7) 0.0964(8) 0.1743(3) 4.6(5) 
C(4) 0.4591(7) -0.0641(7) 0.1455(2) 3.6(5) 
C(5) 0.1476(8) 0.0325(9) 0.1981(3) 5.1(5) 
C(6) 0.167(1) -0.127(1) 0.1642(4) 8.8(9) 
C(7) 0.163(1) -0.1625(8) 0.1230(4) 6.4(7) 
C(8) 0.2842(9) -0.1408(7) 0.0685(3) 4.7(5) 
C(9) 0.0116(7) 0.0810(7) 0.1035(3) - 3.8(5) 
C(lO) 0.1240(7) 0.0820(6) 0.0464(2) 3.5(4) 
C(ll) 0.2364(7) 0.1355(7) 0.0412(2) 3.5(4) 
C(12) 0.4244(8) 0.0927(7) 0.0596(3) 4.2(5) 
H(l) 0.1257 0.2401 0.1315 5.1 
H(2) 0.2247 0.3156 0.1513 5.1 
H(3) 0.4361 0.2117 0.1345 5.5 
H(4) 0.3910 0.2459 0.1761 5.5 
H(5) 0.5083 0.0973 0.1781 5.5 
H(6) 0.3935 0.0863 0.1997 5.5 
H(7) 0.5268 -0.0664 0.1620 4.4 
H(8) 0.4410 -0.1197 0.1279 4.4 
H(9) 0.1540 0.1053 0.2000 6.0 
H(lO) 0.1184 -0.0056 0.2198 6.0 
H(ll) 0.2300 -0.1575 0.1786 11.2 
H(12) 0.0987 -0.1464 0.1771 11.2 
H(13) 0.1883 -0.2317 0.1223 7.5 
H(l4) 0.0878 -0.1579 0.1125 7.5 
H(15) 0.2720 -0.2111 0.0625 5.4 
H(16) 0.3331 -0.1010 0.0520 5.4 
H(l7) -0.0013 0.0743 0.1316 4.7 
12 
H(l8) 
H(19) 
H(20) 
-0.0501 
0.1249 
0.0637 
0.0962 
0.0168 
0.1221 
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0.0851 
0.0338 
0.0349 
4.7 
4.1 
4.1 
Appendix 4.2. Other Data for C24H56Cl12Co2N 1204Zn3 ([Co((CH2)z-en)3] 
(ZnCl4)is2H20) 
0 
Bond distances (A) 
C(l) H(l) 0.950 C(7) H(13) 0.952 
C(l) H(2) 0.947 C(7) H(l4) 0.938 
C(2) H(3) 0.951 C(8) H(l5) 0.948 
C(2) H(4) 0.948 C(8) H(l6) 0.,955 
C(3) H(5) 0.952 C(9) H(l7) 0.948 
C(3) H(6) 0.950 C(9) H(18) 0.952 
C(4) H(7) 0.953 C(lO) H(l9) 0.948 
C(4) H(8) 0.950 C(lO) H(20) 0.951 
C(5) H(9) Q.955 C(ll) H(21) 0.947 
C(5) H(lO) 0.944 C(ll) H(22) 0.957 
C(6) H(ll) 0.955 C(12) H(23) 0.948 
C(6) H(l2) 0.956 C(l2) H(24) 0.949 
Angles (0 ) 
N(l)-C(l)-H(l) 119.79 N(4)-C(7)-H(13) 108.64 
N(l)-C(l)-H(2) 119.79 N(4)-C(7)-H(14) 109.60 
H(l)-C(l)-H(2) 120.42 C( 6)-C(7)-H( 13) 108.82 
N(l)-C(2)-H(3) 110.15 C( 6)-C(7)-H( 14) 109.56 
N(l)-C(2)-H(4) 110.51 H(13)-C(7)-H(14) 110.34 
C(3)-C(2)-H(3) 109.70 N(4)-C(8)-H(l5) 120.37 
C(3)-C(2)-H(4) 109.75 N ( 4 )-C(8 )-H(l 6) 119.84 
H(3)-C(2)-H( 4) 109.60 H(15)-C(8)-H(16) 119.79 
N(2)-C(3)-H(5) 109.28 N(5)-C(9)-H(l 7) 120.24" 
N (2 )-C(3 )-H( 6) 109.76 N(5)-C(9)-H(l8) 119.78 
C(2)-C(3)-H(5) 110.04 H(17)-C(9)-H(l8) 119.99 
C(2)-C(3)-H(6) 110.00 N(5)-C(10)-H(l9) 110.26 
H(5)-C(3)-H(6) 109.33 N(5)-C(10)-H(20) 109.98 
N(2)-C(4)-H(7) 119.92 C(l 1)-C(10)-H(l9) 110.12 
N(2)-C(4)-H(8) 120.36 C(l 1)-C(10)-H(20) 110.30 
H(7)-C( 4 )-H(8) 119.71 H( 19)-C( 10)-H(20) 109.55 
N(3)-C(5)-H(9) 119.66 N(6)-C(l 1)-H(21) 110.21 
N(3)-C(5}-H(l0) 120.22 N(6)-C(l 1)-H(22) 109.65 
H(9)-C(5)-H(10) 120.13 C(10)-C(l 1)-H(21) 110.03 
N(3)-C(6)-H(l 1) 108.94 C(10)-C(l 1)-H(22) 109.62 
N(3)-C(6)-H(l2) 108.64 H(21)-C(l 1)-H(22) 109.13 
C(7)-C(6)-H(l 1) 110.13 N(6)-C(12)-H(23) 119.90 
C(7)-C(6)-H(12) 109.31 N(6)-C(12)-H(24) 119.85 
H(l 1)-C(6)-H(12) 108.54 H(23)-C(12)-H(24) 120.25 
Primes indicate atoms generated by the symmetry operation (l-x,y,1.5-z) 
Torsion Angles (0 ) 
Appendix 13 
Co(l)-N(l)-C(2)-C(3) -36.7(9) N(2)-Co(l)-N(6)-C(12) 4.5(9) 
Co(l)-N(2)-C(3)-C(2) -34.6(9) N(3)-:Co( 1)-N(1)-C(1) -83.5(8) 
Co(l )-N (3)-C(6)-C(7) -27(1) N(3)..:Co(l)-N(l)-C(2) 101.4(6) 
Co( 1 )-N ( 4 )-C(7)-C( 6) ~30(1) N(3)-Co(l)-N(2)-C(3) 
-83.1(6) 
Co(l)-N(5)-C(10)-C(l 1) -37.8(8) N(3)-.Co(l)-N(2)-C(4) 93.8(8) 
Co(l)-N(6)-C(l 1)-C(10) -31.3(8) N (3)-Co(1 )-N ( 4 )-C(7) 12.1(6) 
N(l)-Co(l)-N(2)-C(3) 11.3(6) N(3)-Co(l)-N(4)-C(8) . 
-166.9(8) 
N(l)-Co(l)-N(2)-C(4) -171.8(8) N(3)-Co(l)-N(5)-C(9) . 18.1(8) 
N(l)-Co(l)-N(3)-C(5) 5.5(9) N(3)-Co(l)-N(5)-C(10) 
-161.1(6) 
N(l)-Co(l)-N(3)-C(6) -169.4(7) N(3)-Co(l)-N{6)-C(l 1) - 54(7) 
N(l)-Co(l)-N(4)-C(7) 82(5) N(3)-Co(l)-N(6)-C(12) -131(7) 
N(l)-Co(l)-N(4)-C(8) -97(5) N(3)-C6)-C-(7)-N(4) 36(1) 
N(l)-Co(l)-N(5)-C(9) -76.2(8) N ( 4)-Co(1 )-N ( 1)-C(1) -153(5) 
N(l)-Co(l)-N(5)-C(10) 104.6(5) N( 4)-Co(1 )-N (1 )-C(2) 32(6) 
N(l)-Co(l)-N(6)-C(l 1) -86.5(5) N(4)-Co(l)-N(2)-C(3) -167.8(6) 
N(l)-Co(l)-N(6)-C(12) 88.0(8) N(4)-Co(l)-N(2)-C(4) 9.1(8) 
N(l)-C2}-C3 )-N(2) 45(1) N ( 4)-Co(1 )-N (3 )-C(5). ·- -177.4(9) 
N(2)-Co(l):-N(l)-C(l) -170.3(8) N(4)-Co(l)-N(3)-C(6) 7.7(7) 
N(2)-Co(l)-N(l)-C(2) 14.6(6) N(4)-Co(l)-N(5)-C(9) 102.9(8) 
N(2)-Co(l)-N(3)-C(5) 89.0(9) N(4)-Co(l)-N(5)-C(10) -76.3(6) 
N(2)-Co(1)-N(3)-C(6) -86.0(7) N(4)-Co(l)-N(6)-C(l 1) 96.4(5) 
N(2)-Co(l)-N(4)-C(7) 99.0(7) N(4)-Co(l)-N(6)-C(12) -89.2(8) 
N(2)-Co(l)-N(4)-C(8) -80.0(8) N(5)-Co(l)-N(l)-C(l) 10.6(8) . 
N(2)-Co(l)-N(5)-C(9) -107(8) N(5)-Co(l)-N(l)-C(2) -164.5(6) 
N(2)-Co(l)-N(5)-C(10) 74(8) N(5)-Co(l)-N(2)-C(3) 42(9) 
N(2)-Co(l)-N(6)-C(l l) -169.9(5) N( 5)-Co( 1 )-N (2)-C( 4) -141(8) 
N(5)-Co(1)-N(3)-C(5) -89.5(8) 
N(5)-Co(l)-N(3)-C(6) 95.5(7) N ( 5)-Co( 1 )-N ( 4 )-C(7) -81.9(7) 
N(5)-Co(l)-N(4)-C(8) 99.1(8) N(5)-Co(l)-N(6).:.C(l 1) 8.5(5) 
N(5)-Co(l}-N(6)-C(12) -177.0(8) N(5)-C10-Cl n-N(6) 43.7(9) 
N(6)-Co(l)-N(l)-C(l) 94.9(8) N ( 6)-Co(l )-N (1 )-C(2) -80.2(6) 
N(6)-Co(l)-N(2)-C(3) 98.7(6) N( 6)-Co( 1 )-N (2)-C( 4) -84.5(8) 
N(6)-Co(l)..:N(3)-C(5) -135(7) . N(6)-Co(l)-N(3)-C(6) 50(7) 
N ( 6)-Co( 1 )-N ( 4 )-C(7) -166.3(6) N(6)-Co(l)-N(4)-C(8) 14.7(8) 
N ( 6)-Co( 1 )-N ( 5)-C(9) -163.7(8) N(6)-'Co(l)-N(5)-C(10) 17.2(5) 
C(l)-N(l)-C(2)-C(3) . 147.7(8) C2)-C(3)-N(2)-C(4) 148.1(8) 
C( 5)-N (3)-C( 6)-C(7) 158(1) C6)-C(7)-N (4 )-C(8) 149(1) 
C(9)-N(5)-C(10 C(l 1) 142.9(8) C10-C(l 1)-N(6)-C(12) 153.4(8) 
Appendix 4.3. Atomic Coordinates and Isotropic Displacement Parameters for the 
Atoms in [Co((CH2)3-tame)2] (ZnCl4)Cl·3H20. 
x y z Uel 
Co 0 0 1/2 0.0203(2) 
N(l) 0.1558(2) 0.1731(2) 0.45426(6) 0.0255(6) 
C(l) 0.2834(2) 0.2960(2) 0.47149(9) 0.0346(9) 
C(2) 0.1243(2) 0.1670(2) 0.39600(8) 0.0331(9) 
C(3) 0 0 0.3767(1) 0.0300(9) 
C(4) 0 0 0.3149(1) 0.044(1) 
znb 1/3 2/3 0.58459(3) 0.0298(2) 
Cl(l)b 1/3 2/3 0.4958(5) 0.049(2) 
Cl(2)h 0.0949(3) 0.6211(4) 0.6183(1) 0.0493(9) 
Cl(3)b 113 2/3 0.5085(5) 0.072(3) 
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O(l)b 0.089(1) 0.631(1) 0.6008(3) 0.060(3) 
H(lA) 0.308(2) 0.309(2) 0.5117(8) 0.038(5) 
H(lB) 0.358(2) 0.379(2) 0.4464(7) 0.037(6) 
H(2A) 0.083(2) 0.240(2) 0.3886(7) 0.040(6) 
H(2B) 0.227(2) 0.198(2) 0.3773(8) 0.043(6) 
H(4) -0.083(3) -0.113(2) 0.3004(9) 0.063(7) 
Appendix 4.4. Selected Bond Distances and Angles and Torsion Angles Involving 
Hydrogen Atoms in the [Co((CH2)3-tame)z] (ZnCl4)Cl·3H20. 
Bond Distances (A) 
C(l)-H(lA) 1.02(2) C(l)-H(lB) .99(2) 
C(2)-H(2A) .98(3) C(2)-H(2B) .99(2) 
C(4)-H(4) 1.04(2) 
Bond Angles (deg) 
. N(l)-C(l)-H(lA) 120.0(8) N(l)-C(l)-H(lB) 121(1) 
H(lA)-C(l)-H(lB) 119(1) 
N(l)-C(2)-H(2A) 108(1) N(l)-C(2)-H(2B) 107(1) 
C(3)-C(2)-H(2A) 107.9(9) C(3)-C(2)-H(2B) 108(1) 
H(2A)-C(2)-H(2B) 113(2) 
C(3)-C(4)-H(4) 110(1) H( 4 )-C( 4 )-H( 4 )a 109(3) 
Torsion Angles (deg) 
Co-N( 1)-C(1 )-H( IA) -1(2) Co-N(l)-C(l)-H(lB)- 179(2) 
C(2)-N(l)-C(l)-H(1A) 177(2) C(2)-N(l)-C(l)-H(1B) -3(2) 
Co-N(l)-C(2)-H(2A) 101(1) Co-N(l)-C(2)-H(2B) -137(1) 
C( 1 )-N (1 )-C(2)-H(2A) -77(1) C(l)-N(l)-C(2)-H(2B) 45(1) 
H(2A)-C(2 )-C(3 )-C( 4) 72(1) H(2A)-C(2)-C(3)-C(2)a -47(1) 
H(2A)-C(2)-C(3)-C(2)b -170(1) H(2B )-C(2 )-C(3 )-C( 4) -51(1) 
H(2B)-C(2)-C(3)-C(2)a -170(1) H(2B )-C(2 )-C(3 )-C(2 )b 68(1) 
C(2)-C(3)-C( 4 )-H( 4) 179(2) C(2)-C(3)-C(4)-H(4)a 59(3) 
C(2)-C(3)-C(4)-H(4)b -61(2) 
Symmetry operations: 
a, (-y, x-y, z); b, (-x+y, -x, z). 
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Appendix 4.5. Atomic. Coordinates and Isotropic Displacement Parameters for the 
Non-hydrogen Atoms in [Co(CsH20N4)Cl2] Cl• 0.78 H20b 
x y z Ueqb 
Co 0.70455(5) 0.2465(3) 0.4555(1) 0.0324(3) 
Cl(l) 0.7510(2) 0.1367(2) 0.2558(5) 0.086(1) 
Cl(2) 0.8004(2) 0.3462(2) 0.3107(4) 0.082(1) 
Cl(3) 0.5255(1) 0.2771(3) 0.8978(3) 0.078(2) 
0(1) 0.5566(6) 0.4191(5) .. -0.435(1) - 0.072(3) 
0(2) 0.7350(7) 0.0838(6) 0.758(1) 0.091(4) 
0(3) 0.032(1) -0.001(2) 0.450(3) 0.21(1) 
N(l) 0.8040(4) 0.2177(4) 0.6292(9) 0.048(2) 
N(2) 0.6694(5) 0.3484(5) 0.622(1) 0.043(3) 
N(3) 0.5971(4) 0.2765(4) 0.3037(8) 0.048(3) 
N(4) 0.6223(5) 0.1547(5) 0.570(1) 0.050(3) 
C(l) 0.7914(6) 0.2765(7) 0.793(1). 0.063(5) 
C(2) 0.751(1) 0.3703(8) 0.736(2) 0.059(4) 
C(3) 0.636(1) 0.436(1) 0.543(2) 0.077(6) 
C(4) 0.5765(7) 0.3759(6) 0.272(1) 0.067(4) 
C(5) 0.5148(5) 0.2262(8) 0.371(1) 0.058(5) 
C(6) 0.5454(8) 0.1343(7) 0.445(2) 0.066(4) 
C(7) 0.662(1) 0.067(1) 0.639(2) 0.101(7) 
.C(8) 0.8168(8) 0.1195(7) 0.680(2) 0.086(5) 
a. All atoms have occupancy 0.5, except 0(3) which has occupancy 0.39(1) 
b. ueq = ~Ii Ijuija:a;aiaj 
Appendix 4.6. Atomic coordinates and isotropic displacement parameters for 
hydrogen atoms in [Co(CsH2oN4)Cl2]Cl • 0.78 H2oa 
x y z u 
H(l) 0.8543 0.2354 0.5805 0.056 
H(2) 0.6270 0.3277 0.6913 0.051 
H(3) 0.6088 0.2532 0.2005 0.055 
H(4) 0.5984 0.1823 0.6603 0.060 
H(lA) 0.7504 0.2461 0.8743 0.076 
H(lB) 0.8495 0.2861 0.8501 0.076 
H(2A) 0.7951 0.4051 0.6687 0.070 
H(2B) 0.7326 0.4054 0.8391 0.070 
H(3A) 0.6212 0.4794 0.6361 0.094 
H(3B) 0.6839 0.4625 0.4692 0.094 
H(4A) 0.6287 0.4054 0.2182 0.079 
H(4B) 0.5247 0.3812 0.1936 0.079 
H(5A) 0.4856 0.2620 0.4628 0.073 
H(5B) 0.4725 0.2162 0.2746 0.073 
H(6A) 0.5659 0.0944 0.3508 0.080 
H(6B) 0.4960 . 0.1051 0.5085 0.080 
H(7A) 0.6152 0.0332 0.7012 0.119 
H(7B) 0.6842 0.0310 0.5409 0.119 
H(8A) 0.8316 0.0840 0.5750 0.104 
H(8B) 0.8661 0.1149 0.7642 0.104 
a. All atoms have occupancy 0.5 
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Appendix 4.7. Torsion angles (0 ) for non-hydrogen atoms in [Co(CsH2QN4)Cl2] Cl• 
0.78 H20 
Cl( 1 )-Co-N ( 1)-C(1) 
Cl(2 )-Co-N ( 1)-C(1) 
N (2)-Co-N ( 1)-C(1) 
N(3)-Co-N(l)-C(l) 
N( 4)-Co-N( 1)-C(1) 
Cl( 1 )-Co-N(2)-C(2) 
Cl(2)-Co-N (2)-C(2) 
N(l)-Co,.N(2)-C(2) 
N(3)-Co-N(2)-C(2) 
N(4)-Co-N(2)-C(2) 
Cl( 1 )-Co ... N (3 )-C{ 4) 
Cl(2)-Co-N(3)-C( 4) 
N(l)-Co-N(3)-C(4) 
N (2 )-Co-N(3 )-C( 4) 
N ( 4)-Co-N (3 )-C( 4) 
Cl( 1 )-Co-N ( 4 )-C( 6) 
Cl(2)-Co.,. N ( 4 )-C( 6) 
N(l)-Co-N(4)-C(6) 
N (2 )-Co-N ( 4 )-C( 6) 
N (3 )-Co-N ( 4 )-C( 6) 
C( 4 )-0(1 )-C(3)-N(2) 
C(8)-0(2)-C(7)-N(4) 
Co-N(l)-C(l)-C(2) 
Co-N(l)-C(8)-0(2) 
Co-N (2)-C(2)-C(1) 
Co-N (2 )-C(3)-0(1) 
Co-N(3)-C(4}-0(1) 
Co-N(3)-C(5)-C(6) 
Co-N(4)-C(6)-C(5) 
Co-N ( 4 )-C(7)-0(2) 
N( 1)-C(1 )-C(2)-N(2) 
-176.7(5) 
96.7(5) 
7.1(5) 
-38(4) 
-86.6(5) 
-68(4) 
-68.5(7) 
21.2(7) 
-162.9(7) 
112.1(7) 
-134.4(6) 
-47.7(6) 
86(4) 
41.9(6) 
135.6(6) 
-70.1(6) 
-60(5) 
-163.9(6) 
109.9(7) 
20.5(6) 
-74(1) 
-70(2) 
-33.4(9) 
-59(1) 
-44(1) 
59(1) 
-62.1(9) 
-33.6(9) 
-44(1) 
54(2) 
51(1) 
Cl(l )-Co-N (1 )-C(8) 
Cl(2)-Co-N( 1 )-C(8) 
N(2)-Co-N(l)-C(8) 
N(3)-Co-N(l)-C(8) 
N(4)-Co-N(l)-C(8)_ _ .. 
Cl(l )-Co-N(2)-C(3) 
Cl(2)-Co-N (2 )-C(3) 
N(l)-Co-N(2)-C(3) 
N(3)-Co-N(2)-C(3) 
N(4)-Co-N(2)-C(3) 
Cl(l)-Co-N(3)-C(5) 
Cl(2)-Co-N(3)-C(5) 
N(l)-Co-N(3)-C(5) 
N(2)-Co-N(3)-C(5) 
N(4)-Co-N(3)-C(5) 
Cl(l)-Co-N( 4)-C(7) 
Cl(2 )-Co-N( 4 )-C(7) 
N ( 1)-Co-N(4 )-C(7) 
N (2)-Co-N( 4 )-C(7) 
N(3)-Co-N(4)-C(7) 
C(3)-0(1)-C(4 )-N (3) 
C(7)-"0(2)-C(8)-"N(l) 
C(8)-N(l)-C(l)-C(2) 
C(l)-N(l)-C(8)-"0(2) 
C(3 )-N (2)-C(2)-C(1) 
C(2)-N(2)-C(3)-0(1) 
C( 5)-N(3 )-C( 4)-0(1) 
C( 4 )-N (3 )-C( 5)-C( 6) 
C(7)-N ( 4 )-C( 6)-C( 5) 
C( 6)-N ( 4 )-C(7)-0(2) 
N (3 )-C( 5)-C( 6)-N ( 4) 
-50.4(7) 
-137.0(7) 
133.3(7) 
89(4) 
39.7(7) 
54(4) 
53.5(9) 
143.2(9) 
-40.9(9) 
-125.9(9) 
97.4(5) 
-175.9(5) 
,-42(4) 
-86.3(6) 
7.4(6) 
57.0(9) 
67(5) 
-37(1) 
-123(1) 
148(1) 
75(1) 
73(1) 
'-163.6(8) 
66(1) 
-172(1) 
-179(1) 
65.5(9) 
-165.3{9) 
-176(1) 
-180(1) 
50(1) 
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Appendix 5.1. Atomic Coordinates and Isotropic Displacement Parameters for 
[Coll(Me8-tricosaneN6)]·(N03)2·H20 
atom x y z Beq 
Co(l) 0.5000 0.57780(7) 0.7500 1.93(3) 
0(1) 0.0000 0.3189(4) 0.7500 7.1(2) 
0(2) 0.1485(6) 0.4451(3) 0.8421(3) 9.1(2) 
0(3) 0.3492(5) 0.4501(3) 0.9120(3) 5.9(2) 
0(4) 0.2268(5) 0.3494(3) 0.9118(3) 7.4(2) 
N(l) 0.2401(7) 0.4153(4) 0.8899(4) 5.2(2) 
N(12) 0.3064(4) 0.5882(3) 0.7811(3) 2.3(1) 
N(16) 0 5794(5) 0.6578(3) 0.8470(3) 2.2(1) 
N(22) ().4009(5) 0.4845(3) 0.6696(3) 2.2(1) 
C(l) 0.0647(5) 0.5807(4) 0.5777(3) 3.8(2) 
C(2) 0.2061(5) 0.5784(4) 0.6341(3) 2.5(1) 
C(l 1) 0.1873(5) 0.5702(4) 0.7163(3) 2.8(1) 
C(13) 0.2973(6) 0.6670(3) 0.8139(3) 3.0(2) 
C(14) 0.3803(6) 0.6774(3) 0.8983(3) 2.8(2) 
C(15) 0.5157(6) 0.6408(4) 0.9105(3) 3.0(2) 
C(17) 0.7283(6) 0.6558(3) 0.8765(3) 2.7(2) 
C(21) 0.2780(6) 0.5093(3) 0.6104(3) 2.7(2) 
C(23) 0.3773(5) 0.4185(4) 0.7167(3) 3.2(2) 
C(24) 0.5000 0.3677(4) 0.7500 2.4(2) 
C(l41) 0.3923(6) 0.7635(4) 0.9159(4) 4.3(2) 
C(142) 0.3102(6) 0.6382(4) 0.9541(3) 4.3(2) 
C(241) 0.5285(6) 0.3160(3) 0.6868(3) 3.8(2) 
H(l) 0.309(5) 0-550(3) 0.820(3) 3.4(9)* 
11(2) 0.556(4) 0.722(3) 0.828(3) 3.4* 
H(3) 0.455(5) 0 474(3) 0.645(3) 3.4* 
H(4) 0.0161 0.6222 0.5915 4.5746 
H(5) 0.0711 0.5878 0.5260 4.5746 
H(6) 0.0204 0.5335 0.5810 4.5746 
H(7) 0.1179 0.6040 0.7204 3 3053 
H(8) 0.1621 0.5185 0.7225 3.3053 
H(9) 0.3268 0.7035 0.7824 3.5531 
H(lO) 0.2069 0.6767 0.8119 3.5531 
H(l 1) 0.4445 0.7713 0.9676 5.1157 
H(12) 0.4334 0.7882 0.8807 5.1157 
H(l3) 0.3063 0.7847 0.9101 5.1157 
H(l4) 0.2246 0.6602 0.9474 5.1282 
El(l5) 0.3017 0.5846 0.9431 5.1282 
H(l6) 0.3611 0.6457 1.0063 5.1282 
H(17) 0.5062 0.5865 0.9138 3.5962 
H(l8) 0.5717 0.6595 0.9580 3.5962 
H(l9) 0.7511 0.6674 0.9305 3.2444 
El(20) 0.7634 0.6944 0.8497 3.2444 
H(21) 0.3018 0.5225 0.5641 3.2334 
H(22) 0.2181 0.4670 0.6004 3.2334 
H(23) 0.3100 0.3871 0.6848 3.8046 
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H(24) 03474 0.4380 0.7589 3.8046 
H(25) 0.5478 0.3471 0.6474 4.6050 
H(26) 0.6024 0.2839 0.7090 4.6050 
H(27) 0.4529 0.2850 0.6649 4.6050 
Appendix 5.2. Atomic Coordinates and Isotropic Displacement Parameters for 
[Coll(Me8-tricosaneN 6) ]ZnC4. 
atom x y z Beq 
Zn(l) 0.0000 0.14791(4) 07500 2.26(2) 
Co(l) 0.0000 0.16264(4) 0.2500 1.86(2) 
Cl(l) 0.1072(1) 0.21579(7) 0.65565(9) 3 35(4) 
Cl(2) 0.1238(1) 0.07645(7) 0.82964(9) 3.46(4) 
N(l2) 0.0077(5) 0.1347(2) 0.1182(3) 2.05(9) 
N(16) 0.1755(4) 0.0887(2) 0.2570(3) 1.94(9) 
N(22) -0.1372(4) 0.2454(2) 0.2205(3) 1.90(10) 
C(l) -0.3222(5) 0.1615(3) 0 0379(3) 2.9(1) 
C(2) -0.2217(5) 0.1603(3) 0.1072(3) 2.0(1) 
C(ll) -0 0949(5) 0.1604(3) 0.0630(3) 2.4(1) 
C(l'.3) 0.1281(5) 0.1405(3) 0.0714(3) 2.6(1) 
C(14) 0.2242(5) 0.0857(3) 0 0973(3) 2.2(1) 
C(15) 0.2689(5) 0.0966(3) 0.1886(3) 2.3(1) 
C(17) 0.2398(5) 0.0920(3) 0.3414(3) 2.4(1) 
C(21) -0.2417(5) 0.2249(2) 0.1620(3) 2.2(1) 
C(23) -0.0673(5) 0.3061(3) 0.1837(3) 2.5(1) 
C(24) 0.0000 0.3510(3) 0.2500 2.5(2) 
C(141) 0.1737(5) 0.0114(3) 0.0826(3) 3.2(1) 
C(142) 0.3373(6) 0.0972(3) 0.0383(4) 3.7(2) 
C(241) -0.0922(6) 0.3980(3) 0.2987(4) 3.7(2) 
H(l) -0.007(6) 0.095(2) 0.129(3) 2.4587 
H(2) 0.152(4) 0.042(2) 0.251(3) 2.3264 
H(3) -0.172(4) 0.260(2) 0.264(3) 2.2888 
H(4) -0.3144 0.2034 0.0053 3.5273 
H(5) -0.3122 0.1220 0.0017 3.5273 
H(6) -0.4022 0.1601 0.0638 3.5273 
H(7) -0.0763 0.2071 0.0459 2.8879 
H(8) -0 0997 0.1311 0.0141 2.8879 
H(9) 0.1118 0.1354 0.0122 3.1727 
H(lO) 0.1620 0.1858 0.0820 3.1727 
H(l 1) 0.1041 0.0035 0.1188 3.7816 
H(l2) 0.1487 0.0065 0.0248 3.7816 
H(13) 0.2369 -0.0220 0.0952 3.7816 
H(14) 0.4004 0.0640 0.0518 4.4597 
H(15) 0.3125 0.0914 -0.0194 4.4597 
H(16) 0.3689 0.1434 0.0463 4.4597 
H(17) 0.3018 0.1428 0.1924 2.8180 
H(18) 0-3333 0.0635 0.1991 2.8180 
H(19) 0.3265 0.0862 0.3317 2.9077 
H(20) 0.2098 0.0542 0.3752 2.9077 
H(21) -0.3133 0.2167 0.1962 2.6123 
H(22) -0.2568 0.2633 0.1248 2.6123 
H(23) 
-0.0072 0.2883 0.1449 2.9609 
11(24) 
-0.1247 0.3351 0.1540 2.9609 
H(25) 
H(26) 
H(27) 
-0.1498 
-0.0479 
-0.1359 
Appendix 
0.3694 
0.4267 
0.4269 
0.3288 
0.3378 
0.2593 
4.4791 
4.4791 
4.4791 
19 
Appendix 5.3. X-band Spectrum of [Co(Meg-tricosaneN6)](N03)i·H20 Crystal 
Powder, Temperature 10.0 K. 
0 1000 2000 3000 H (Gs) 
Appendix 5.4. Q-band Spectrum of [Co(Meg-tricosaneN6)](N03)i·H20 Crystal 
Powder, Temperature 10.0 K. 
3000 4000 5000 6000 7000 8000 9000 10000 H (Gs) 
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Appendix 5.5. X-band Spectrum of [Co(Me8-tricosaneN6)](ZnC14)Cl Crystal 
Powder, Temperature 10.0 K. 
1000 2000 3000 4000 5000 6000 H (Gs) 
Appendix 5.6. Q-band Spectrum of [Co(Mes-tricosaneN6)](ZnCl4)Cl Crystal 
Powder, Temperature 10.0 K. 
( 
base line -------------------
2000 4000 6000 8000 10000 12000 14000 16000 G 
Appendix 21 
Appendix 5.7. Q-band Spectra, Temperature 19.5 K: (top) pink crystal of [Co(Mes-
tricosaneN6)](N03)z in 1:1 DMF:H20 (0.01 M); (bottom) violet crystal of [Co(Me8-
tricosaneN6)](ZnC4)Cl in 1:2 DMF:H20 (0.01 M). 
2487 3487 4487 5487 6487 7487 8487 9487 G 
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Appendix 6.1. Atomic Coordinates and Isotropic Displacement Parameters for 
[ CoIII(Me8-tricosaneN6)] (N 03)J-5H20 
atom x y z . :B-eq 
Co(l) 0.1702(1) 0.21495(9) 0.27011(6) 1.40(2) 
0(1) 0 9949(5) 0.2212(5) 0.8681(3) 3.5(1) 
0(2) 0.7744(6) 0.1627(6) 0.9564(3) o.7(2) 
0(3) 0.6351(4) 0.0771(5) 0.2446(3) 3.4(1) 
0(4) 0.7497(5) -0.0101(5) 0.1005(3) 3.4(1) 
0(5) -0.0783(5) 0.0994(4) 0.0926(3) 3.1(1) 
0(11) -0.2930(5) -0.0251(5) 0.4274(3) 3.4(1) 
0(12) -0.1780(4) 0.0826(4) 0.3436(2) 2.6(1) 
0(13) -0.1219(4) -0.0112(4) 0.4655(2) 2.8(1) 
0(21) 0.6460(6) -0.1953(6) 0.0992(4) 1.4(2) 
0(22) 0.4918(5) -0.2639(5) 0.0946(3) 4.3(1) 
0(23) 0.4304(5) -0.0562(5) 0.1003(3) 4.1(1) 
0(31) 0.0841(5) 0.6226(5) 0.2855(3) 4.1(1) 
0(32) -0.0426(6) 0.8024(6) 0.3265(4) 7.0(2) 
0(33) 0.0950(7) 0.6316(6) 0.4032(3) 6.4(2) 
N(l) -0.1984(5) 0.0156(5) 0.4115(3) 2.1(1) 
N(2) 0.5216(7) -0.1717(6) 0.0985(3) 3.4(2) 
N(3) 0.0438(7) 0.6873(6) 0.3390(4) 3.3(2) 
N(12) 0.2319(5) 0.3612(5) 0.2558(3) 1.7(1) 
N(l6) 0.2470(5) 0.1917(5) 0.1595(3) 1.6(1) 
N(22) 0 3554(5) 0.0824(5) 0.3072(3) 1.6(1) 
N(26) 0.1037(5) 0.0726(5) 0.2863(3) 1.6(1) 
N(32) 0.0965(5) 0.2317(5) 0.3821(3) 1.5(1) 
N(36) -0.0106(5) 0.3512(4) 0.2285(3) 1.7(1) 
C(l) 0.3983(7) 0.2562(7) 0.4476(4) 2.7(2) 
C(2) 0.3209(6) 0.2435(6) 0.3881(4) 2.0(1) 
C(3) 0.0203(6) 0.1855(6) 0.1517(3) 1.8(1) 
C(4) -0.0558(7) 0.1704(6) 0.0925(4) 2.6(2) 
C(ll) 0.3437(6) 0.3286(6) 0.3071(4) 2.1(2) 
C(13) 0.2449(6) 0.4452(6) 0.1751(4) 1.8(1) 
C(14) 0.3433(6) 0.3772(6) 0.1092(3) 1.9(1) 
C(15) 0.3636(6) 0.2329(6) 0.1198(3) 1.9(1) 
C(17) 0.1388(6) 0.2259(6) 0.1057(3) 2.1(1) 
C(21) 0.3804(6) 0.0939(6) 0.3853(3) 1.9(1) 
C(23) 0.4101(6) -0.0578(6) 0.2983(3) 1.9(1) 
C(24) 0.3238(6) -0.1402(6) 0.3358(3) 1.8(1) 
C(25) 0.1666(6) -0.0554(6) 0.3467(3) 1.8(1) 
C(27) 0.0790(6) 0.0523(6) 0.2106(3) 1.9(1) 
C(31) 0.1646(6) 0.9933(6) 0.4165(3) 1.9(1) 
C(33) -0.0567(6) 0.2738(6) 0.4060(3) 2.0(1) 
C(34) -0.1593(6) 0.4120(6) 0.3601(3) 1.9(1) 
C(35) -0.1044(6) 0.4554(6) 0.2749(4) 2.1(1) 
C(37) -0.0846(6) 0.2955(6) 0.1952(4) 2.0(1) 
C(l41) 0.4894(7) 0.3762(7) 0.1031(4) 2.8(2) 
C(l42) 0.2811(7) 0.4673(6) 0.0297(4) 2.6(2) 
C(241) 0.3653(7) -0.2245(6) 0. "i202( 4) 2.6(2) 
I 
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C(242) 0.3592(7) -0.2431(6) 0.2850(4) 2.6(2) 
C(341) -0.1889(7) 0.5239(6) 0.4022(4) 2.9(2) 
C(342) -0.2971(7) 0.3982(6) 0.3646(4) 2.6(2) 
H(l) 0.1614 0.4172 0.2777 1.9981 
H(2) 0.2874 0.1066 0.1666 1.9037 
H(3) 0.4111 0.1118 0.2744 1.9506 
H(4) 0.0210 0.1075 03077 1.9193 
H(5) 0.1296 0.1502 0.4077 1.8484 
H(6) 0.0161 0.3979 0.1868 1.9967 
H(7) 0.3856 0.2025 0.4986 ____ 3.2302 
H(8) 0.4951 0.2265 0.4301 3 2302 
H(9) 0.3619 0.3475 0.4508 3.2302 
H(lO) -0.0918 0.2531 0.0545 3 1439 
H(ll) 00079 0.1019 00659 3 1439 
H(12) -0 1305 01469 01205 3.1439 
H(13) 0.4324 0.2805 0.2821 2.5226 
H(14) 0.3409 0.4098 0.3136 . 2_.5226 
H(15) 0.1541 04912 0.1571 21996 
H(16) 0.2756 0.5086 0.1806 2.1996 
H(17) 0.5331 0.3207 0.1501 3.4027 
H(18) 05445 0.3423 0.0583 - 3.4027 
H(19) 0.4805 0.4652 0.0970 3.4027 
H(20) 0.2766 0.5549 0.0232 3.1049 
H(21) 03389 04297 -0.0133 3.1049 
H(22) 0.1898 0.4725 0.0308 . 3.1049 
H(23) 0.4413 0.1774 0.1501 2.3113 
H(24) 0.3853 0.2149 0.0681 2.3113 
H(25) 0.1014 0.3200 0.0836 2.4678 
H(26) 0.1810 0.1793 0.0640 2.4678 
H(27) 0.3355 0.0488 0.4279 2.2865 
H(28) 0.4780 0.0539 0.3904 2.2865 
H(29) 0.4247 0.0543 0.2428 2.2547 
H(30) 0.4973 -0.1053 0.3206 2.2547 
H(31) 0.3148 -0.2796 0.4404 3.1674 
H(32) 0.4627 0.2795 0.4175 3.1674 
H(33) 0.3439 -0.1659 0.4544 3.1674 
H(34) 0.3073 -0.2966 0.3076 3.1237 
H(35) 0.3357 -0.1967 0.2322 3 1237 
H(36) 0.4563 -0.2993 0.2841 3.1237 
H(37) 0.1475 -0.0327 0.3969 2.1954 
H (38) 0.1205 -0.1105 0.3475 2.1954 
H(39) 0.1650 -0.0045 0.1876 2.2702 
H(40) 0.0145 0.0114 0.2229 2.2702 
H(41) 0.1217 0.3884 0.3995 2.2386 
H(42) 0.1533 . 0.2683 0.4730 2.2386 
H(43) -0.0811 0.2065 0.3999 2.3533 
H(44) -0.0717 0.2767 0.4606 2.3533 
H(45) -0.1051 0.5343 0.4005 3.5394 
H(46) -0.2566 0.6060 0.3760 3.5394 
H(47) -0.2234 0.5005 0.4561 3.5394 
H(48) -0.3634 0.4801 0.3373 3.1420 
H(49) -0.2811 0.3276 0.3405 3.1420 
H(50) -0.3319 0.3783 0.4188 3.1420 
H(51) -0.0540 0.5055 0.2763 2.5626 
H(52) -0.1836 0.5125 0.2460 2.5626 
H(53) -0.1368 0.2578 0.2375 2.3888 
H(54) -0.1462 0.3659 0.1587 2.3888 
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Appendix 8.1 
Me 
(6) (7) (8) (11) (12) 
(9): dimer 1 
IGNH~H, cGNH~ H2 rGNH~ 
t:':/0':J <--u-t:':::t':Ju~c--\:::?·':J 
\_./ \_./ \_./ 
(10): trimer 2 
